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EXECUTIVE SUMMARY
Purpose

The purposes of Task 4 of the Oak Ridge Dose Recongruction were (1) to estimate the historical
releases from the X-10 facility to the Clinch River, (2) to evauate the potentia pathways by which
members of the public could have been exposed to radioactive effluents in the Clinch River between
1944 and 1991, and (3) to caculate radiation doses and risks to reference individuals who were
potentialy exposed to radioactivity released to the Clinch River from the X-10 fadlity. Direct
measurement of the amounts of radionuclides taken up by the organs of specific individuds since 1944
is no longer feasible because most of these radionuclides have short residence times in the human body.
Therefore, a dose reconstruction has been necessary to determine the magnitude and extent of past
exposure and to interpret the health consequences of these exposures. This dose recongtruction relies
upon independent evaluation of the amounts of radionuclides released, reported environmental
measurements, and mathematica models to estimate the magnitude and extent of past exposures, doses,
and hedlth risks.

Background

In the early days of the Manhattan Project, the Clinton Laboratory, later referred to as the X-10 facility
and now called the Oak Ridge Nationa Laboratory, was designed to operate for one year as a pilot
plant for the Hanford, Washington, operations. All radioactive wastes generated from this facility were
to be stored in large underground "gunite" tanks. The origind plans changed, and in 1944 the first
radioactive effluents from the X-10 site entered White Oak Creek and flowed into White Oak Lake.
White Oak Lake served as the find settling basin for contaminants released to White Oak Creek.

Radionuclides remaining in the water column were released from the X-10 site with the flow of water
from White Oak Dam, which islocated 1 km (0.6 mile) upsiream from the Clinch River (see map, p. 7-
2).

Sour ces of Radioactive Waste

During the early years of X-10 operations, the graphite reactor and the "hot pilot plant” (achemica
Sseparation plant) were the mgor sources of radioactive wastes. Wastes from the "hot pilot plant” were
placed in open waste pits; high levels of ®Ru began seeping from the pits into White Oak Lake in
1959. Strontium-90 and **'Cs had aso been placed in the pits, but these isotopes were retained by
nearby soils; however, amounts of *®Ru as high as 7.4 10" Bq (2000 curies) per year were released
from White Oak Dam from 1959 to 1963. From 1944 to 1991, approximately 5.9° 10™ Bq (160,000
curies) of radioactivity were released over White Oak Dam to the Clinch River; of this amount, 91%
was tritium, and the rest was mixed fisson and activation products.

Evidence suggests that a secondary source of radionuclides released to the Clinch River was the
scouring of contaminated sediment from White Oak Creek Embayment. After White Oak Lake was
drained in 1955, heavy rainfal scoured the bottom sediment of White Oak Lake, resulting in the
deposition of particle reactive radionudlides (primarily **'Cs) in White Oak Creek Embayment. The
pesking discharges from Mdton Hill Dam, which was completed in 1963, resulted in the backflow of
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water up White Oak Creek Embayment and the scouring of radionuclide-containing sedimentsinto the
Clinch River. A coffer cel dam was congtructed at the mouth of White Oak Creek in 1990 to prevent
the backflow of water up White Oak Creek Embayment, and scouring of embayment sediment ceased
at that time.

Screening Analysis

To focus time and resources on the radionuclides that were most likely to have been important in terms
of dose or risk to off-gte individuals, a conservetive screening evauation was conducted.  Twenty-four
radionuclides released into the Clinch River from the X-10 site from 1944 to 1991 were considered as
potentia contaminants of concern. The conservative screening andysis identified those radionuclides
and pathways for which the human hedth risk was clearly below a minimum level of concern. Nine
exposure pathways and sixteen radionuclides, including tritium, were identified as low priority for further
consderation because conservative screening estimates were at least afactor of ten below the screening
guide value of one chance in ten thousand (1° 10™) of excessincidence of disease, as established by the
Oak Ridge Hedth Agreement Steering Panel (ORHASP). Of the eight remaining radionudlides, *'Cs,
®Co, ®Ru, and *S were expected to be the most important contributors to radiologica dose and
subsequent excess hedlth risk.

Radionuclides Released from White Oak Dam

The dose recongtruction relies on estimates and reported measurements of radionuclides released from
White Oak Dam from 1944-1991. A detailed investigation was performed for (1) the methods used
for measurements of radioactive releases from White Oak Dam, (2) the methods used for estimation of
flow rates a White Oak Dam, and (3) the uncertainties associated with these measurements. Estimates
of the quantities of radionuclides higtoricdly released from White Oak Dam were based on laboratory
documents, available log books, and interviews with personnel who were responsible for, or involved in,
the collection of samples and monitoring of radioactive rdeases & White Oak Dam. Direct
measurements of the radionuclides released from White Oak Dam were available, except for the years
1944 to 1949. For these years, estimates were based on the fraction that each radionuclide contributed
to a measurement or estimate of gross beta activity. Detalled source terms (amua release amounts)
were developed for the following radionudlides ®Co, *Sr, ®*Nb, *zr, *®Ru, !, **'Cs and *'Ce.
The uncertainty of the source terms varied over time because of various changes in sampling and
andyticad methods and waste disposd or treatment events.

Estimated Radionuclide Concentrationsin Water and Sediments

Measured concentrations of radionuclides in water are available for many years for severd locations
downsiream from the confluence of White Oak Creek and the Clinch River (CRM 20.8). These
measurements were not entirely congstent as to location or method of measurement and did not include
al the radionuclides of concern. Therefore, a modding effort was conducted to estimate the annua

average concentrations of radionuclides in water at specific locations downstream of White Oak Creek.
A modified verson of the HEC-6 aguatic transport model (HEC-6-R) was used to estimate historical

water concentrations. The annua average releases of specific radionuclides from White Oak Dam were
used in the modeling anadyss. The uncertainty of the modeled water concentrations was much higher
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than the uncertainty about water concentrations obtained from measurements, therefore, measurements
for specific locations and time periods were used in preference to moded predictions when the data were
aufficient to estimate an annua average concentration in water. In particular, the mode did not dways
acocount sufficiently for localized scouring of sediment after Melton Hill Dam began operation in 1963.

Edtimated shoreline concentrations of radionuclides in sediment were obtained by usng the HEC-6-R
mode to track the sediment inventory in various reaches of the Clinch River. Monitoring data collected
in the 1990s were used to calibrate the shoreline sediment estimates. Because of the limited data, all
shordine sediment concentrations used in the risk assessment were based on model estimates.

Estimation of Exposureto Reference Individuals

For dl locations, the exposure pathways of interest include fish ingestion and ingestion of milk and mest;
other exposure pathways of interest varied with location. For the Jones Idand area (CRM 21.0 to
17.0), the exposure pathways of interest were fish ingestion, external exposure from shoreline sedimernt,
and ingegtion of meat and milk. The exposure pathways for the K-25/Grassy Creek area (CRM 17.0
to CRM 5.0) included fish ingestion, drinking water, external exposure to shoreline sediment, and
ingestion of milk and meat. For the Kingston Steam Plant area (CRM 5.0 to CRM 2.0), the important
pathways were fish ingestion, externa exposure to shoreline sediment, drinking weter, and ingestion of
milk and meet. Exposure pathways for resdents of the City of Kingston (CRM 2.0 to CRM 0.0)
induded fish ingestion, externa exposure to shoreline sediment, drinking water, and ingestion of milk
and meat from livestock having direct accessto the river as a source of drinking water.

Reference individuds in this study were identified with respect to the pathways involved, the specific
characterigtics of the individua pathways, and the size and type of the population affected. For the fish
pathway, reference individuals were defined in terms of fish consumption rates as Category | (people
who consumed fish onaregular basis, i.e., 1 to 2.5 meals per week or 7.1-33 kg y* for males and 5.7-
27 kg y* for females), Category 11 (0.25-1.3 meals per week or 2.2-16 kg y* for malesand 1.8-14 kg
y* for females), or Category 111 (0.04-0.33 meals per week or 0.39-4.3 kg y*for males and 0.32-3.6
kg y* for femdes).! (Med size was defined as 0.10-0.30 kg per meal for males and 0.08-0.25 kg per
med for femdes. The ranges shown are the 95% subjective confidence intervals and do not include the
extreme values on ether end.) For dl categories, it was assumed that 20-100% of the fish was
contaminated and that 80-90% of the radioactivity in the fish was retained after processing.

Two reference individuds, an adult and a child, were used for the water ingestion pathway. Children
were not considered for the K-25/Grassy Creek area or the Kingston Steam Plant area, because these
are indudrid facilities and it is not likely that children would have obtained drinking water from these
locations. However, both children and adults were exposed via the City of Kingston water supply.
Multiple reference individuals were conddered for the milk ingestion pathway, including children who
could have consumed different amounts of home-produced milk depending on whether they were at
home or in school. Adults were considered as the reference individuas for both the megt ingestion
pathway and the external exposure pathway External exposure caculations were based on shordine

! These categories correspond to the following ranges (95% subjective confidence intervals) in pounds: Category |,
16-72 by for malesand 13-60 Ib y* for females; Category 11, 4.8-361b y™* for malesand 3.9-30 by for females;
Category 111, 0.85-9.4 by for malesand 0.70-7.91b y* for females.
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usage of 75-430 h y* at CRM 20.5, 85-440 hy™* at CRM 14, or 130-490 hy* a&t CRM 3.5 or CRM
0 (95% subjective confidence intervals).

Estimation of Organ-Specific Radiation Doses

The Internationa Commission on Radiological Protection (ICRP) has developed a methodology to
caculate internd radiation doses to people ingesting contaminated food or drinking contaminated weter.
To account for the uncertainties introduced by variability among individuds, a range of vaues was
developed for the factors that specify the dose per unit intake for a given radionuclide. To obtain the
ranges of possible values for **¥'Cs, ®Co, and ®Ru, the published ICRP ingestion dose factors were
modified by gpplication of multiplicative uncertainty factors, the vaues of which were dependent on the
radionuclide and organ. In addition, new dose conversion factors and associated uncertainties were
cdculated for *°Sr and **!1, based on the ICRP methodology. Dose conversion factors were derived
for dl internd organs of importance. A sengtivity andyss was performed to determine which of the
biokinetic parameters contribute the mogt to the uncertainty in the dose conversion factors. Each dose
conversion factor was specified as arange of vaues rather than a point estimate.

Fish Ingestion

The edtimated organ doses to individuas consuming fish exceeded the dose estimates for dl other
pathways. The highest doses were for Category | consumers of fish (1-2.5 meals per week) at CRM
20.5, just below the confluence of White Oak Creek and the Clinch River. Centrd values of the
cumulative doses for 1944 to 1991 for specific organs ranged from 0.31 (skin) to 0.81 cSv (bone) for
males and from 0.23 (skin) to 0.60 cSv (bone) for femaes (1 cSv equas 1 rem); the 95% subjective
confidence intervals ranged from about 0.02 to 8 cSv. Organ doses were generdly lower for femaes
than for maes, due to the lower ingestion rate assumed for femaes. For Category | consumers of fish
near the city of Kingston (CRM 0), the organ doses are about a factor of 89 lower than those
edtimated for CRM 20.5. Estimated organ doses for Category |1 and |11 consumers of fish are lower
than those for Category | in proportion to the lower intake rates assumed for these categories of
individuas.

Other Exposure Pathways

Organ-specific doses from externd exposure were about a factor of 1.1-3.5 lower than the dosesto a
Category | consumer of fish a CRM 14, with the largest doses to skin, bone, and thyroid. Adults who
gpent time dong the shordine but who seldom consumed fish probably recelved the same or higher
organ doses from externa exposure as from fish ingestion.

For most organs, doses from drinking water &t CRM 14 and CRM 3.5 were lower than the doses from
externd exposure at the same location. However, for the large intestine, bone, and red bone marrow,
the doses from drinking water were higher than those from externd exposure or consumption of fish (by
Category |1 or 111 consumers) due to the presence of *°Sr and **Ru.

Estimated doses from ingestion of meat and milk were lower than those for ingestion of drinking water
by 1 to 3 orders of magnitude. The highest doses were to the large intestine, bone, red bone marrow,
and (for theingestion of milk) the thyroid.
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Estimates of Thyroid Dose to a Child from the Drinking Water and Milk I ngestion Pathways

The 95% subjective confidence intervas for the estimated doses to a child O to 14 years of age drinking
home-produced milk at CRM 14 or CRM 3.5 from 1946-1960 were 0.00058 to 0.054 cSv (0.0062
central value) and 0.00055 to 0.042 cSv (0.0044 centrd vaue), respectively. The 95% subjective
confidence intervad for the estimated drinking water dose for a child living in Kingston (CRM 0.0) was
0.000039 to 0.0021 cSv (0.00031 centra vaue), and for the combined pathways (drinking water and
milk), 0.00014 to 0.0047 cSv (0.00091 centra value). The exposure period for a child drinking water
or water and milk was different from that for drinking milk aone because the Kingston City municipa
water supply did not become a potentid source of contamination until 1955.

Estimates of Excess Lifetime Risk of Cancer Incidence

The organ-specific dose estimates were used as the bass for organ-specific and totd estimates of
excess lifetime risk of cancer incidence. The dose-response functions were based on cancer incidence
data from the Japanese A-bomb survivors, the background incidence of cancer for East Tennessee, and
the use of rdaive versus absolute risk models to transfer epidemiologicd findings in the A-bomb
survivors to populations exposed to radionuclides released to the Clinch River. The uncertainty due to
differences between exposures at high and low dose rates was considered explicitly in the calculation of
risk for each organ. Extension of the caculations from dose to risk accounts for differing radiosengtivity
among organs and permits identification of the most important target organs. In addition, estimation of
the risks facilitates direct interpretation of the exposures in terms of their potentia impact on people's
hedth.

Fish Ingestion

For Category | consumers of fish (1-2.5 meds per week) near Jones Idand (CRM 20.5), the 95%
subjective confidence interva of the total excess lifetime risk of cancer incidence for dl radionuclides
and organs was 3.6° 10° to 3.5" 10° (centra value, 2.8° 107) for madesand 2.9 10°to 2.8 107
(central vaue, 2.3 10*) for femaes The difference in risk between maes and femaes primarily
reflects the difference in ingestion rates. For both maes and femaes, the largest contribution to the total
risk (about 90%) isfrom **'Cs,

For any given location, risks of excess lifetime cancer incidence for Category | consumers of fish are
greater than those for Category Il and 111 consumers by factors of about 2 and 8, respectively, in
proportion to the different intake rates assumed for these reference individuds (Figure ES.1). The
upper bound on the total risk from fish consumption for Category | or Il consumers (1-2.5 or 0.25-1.3
meals per week, respectively) reaches or exceeds 1~ 10™ a dl locations (Figure ES.2); central values
exceed 1 10” only for Category | and Il consumers & CRM 20.5. For Category Il consumers
(0.04-0.33 meds per week), the upper 95% subjective confidence limit on the total risk estimate is
below 1" 10*for al locations except CRM 20.5.
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Figure ES.1 Excess lifetime risk of cancer incidence for males and females consuming fish at CRM 14. The

vertical lines indicate the 95% subjective confidence intervals of the estimated risks; the central
values (50" percentiles) are also indicated.
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Figure ES.2 Excess lifetime risk of cancer incidence from al exposure pathways for three reference males

consuming fish at different rates at each location of interest along the Clinch River. The vertica
lines indicate the 95% subjective confidence intervals on the estimated risks; central values (50"
percentiles) are also indicated. Risksfor females are slightly lower than for males (see Fig. ES.1).
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For ingestion of fish from the Jones Idand area (CRM 20.5), the upper bounds on the risk for both
males and females exceeded 1~ 10 for bladder, stomach, lower large intestine, lungs, and red bone
marrow (leukemia), as did the upper bounds on the risk estimates for breast in femaes and for liver in
mades. Although the breast received among the lowest doses of any organ, the breast has the highest
risk of al the organs examined (upper bound, 9.3 10). The highest risk for males and second highest
risk for femalesis for the red bone marrow (upper bounds of 3.4 10*and 4.0 10, respectively). The
difference between the highest and lowest organspecific risks a any one location is about a factor of
70-80 for femdes and 40 for maes, dthough the differences in doses were only a factor of 24. This
gtuation illustrates the great difference in organ sengtivities to radiation-induced cancer and underlines
the importance of caculating risks as well as doses in a dose reconstruction study, because the organ
with the highest dose may not be the organ at highest risk.

For individuds using or resding on Watts Bar Reservoir, the exposures, doses, and risks are
subgtantidly lower than they are for individuds using any segment of the Clinch River. Our best estimate
is that exposures from the past consumption of corntaminated fish in Watts Bar Reservoir are 4 to 25
times less than for persons catching fish from the Clinch River near the K-25/Grassy Creek area (CRM
14), assuming Smilar ingestion rates.

Other Exposure Pathways

Depending on the location, the externa dose from shoreline sediments (based on exposure of
approximately 100-500 h y*, depending on location) contributes as much as 90% of the total risk from
al pathways for a Category 11 consumer of fish (0.04-0.33 medls per week); fish ingestion contributes
about 10%, and drinking water from 2 to 30% of the total risk of cancer incidence. For Category Il
consumers of fish (0.25-1.3 meds per week), fish ingestion contributes 30-40% of the totd risk,
depending on location, and for Category | (1-2.5 medls per week), about 50-60%, except for CRM
20.5, where the externd exposure is low and exposure via drinking water did not occur. For the
externd exposure pathway aone, the upper bounds at al locations except CRM 20.5 bardly reach
1" 10* (highest vaue, 1.2° 10* & CRM 0), indicating a low likelihood that this level was actualy
exceeded; for drinking water aone, the upper bound a al locations is bedlow 1~ 10™ (highest vaue,
4.6°10° a CRM 14). For the combined pathways at CRM 20.5, the upper bounds on the total
excess lifetime risk were 36" 107, 1.7 103, and 4.1° 10”* for mae consumers of fish in Categories |,
I, and 111, respectively. For the other locations, the highest upper bound vaues were 5.9 10%,
3.4 10* and 1.9° 10™ for male consumers of fish in Categories |, 11, and 111, respectively, al a& CRM
14.

Estimates Of Excess Lifetime Risk of Thyroid Cancer for a Child from the Drinking Water and
Milk Ingestion Pathways

The highest excess lifetime risk of thyroid cancer occurred for a female dnild ingesting milk obtained
from an area near CRM 14 between 1946 and 1960 (95% confidence interval, 1.1° 107 to 2.5 107;
centrd vaue, 1.8 10°). The 95% subjective confidence interval on the risk for afemale child exposed
via the combined drinking water and milk ingestion pathways (milk from CRM 3.5 and water from
CRM 0, between 1955 and 1969) was 2.4° 10° to 1.8 10° (centra value, 2.4 107).
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Risk Estimatesfor Shorter Exposure Periods

In most cases, individuas were not exposed to the various pathways over the entire period from 1944
to 1991. In addition, both the operations at the X-10 ste and the releases of radionuclides to the
Clinch River changed over time. To account for more redlistic exposure times, risks were summarized
by decade. The frst two decades (1944-1953 and 1954-1963) produced the highest risks for each
pathway and from dl pathways combined (shown for maes in Figure ES.3; vaues for femdes are
dightly lower for the fish ingestion pathway). In the first decade, the ingestion of fish dominated the totdl
risk; however, externd exposure to shoreline sediments became increasingly important in later years.
Because the ingestion of fish and externa exposure to shoreline sediments contribute most of the excess
lifetime risk of cancer incidence, **'Cs is the dominant radionudlide in al decades. In addition to risk
estimates by decade, estimates of totd risk per year aa CRM 14 were dso made in terms of risk per
pound of fish consumed, per hour exposed to shoreline sediment, and per liter of water consumed.

Contribution to Uncertainty in the Risk Estimates

This study explicitly included uncertainty in externa dogmetry, internd dosmetry, and dose-response
relationships (risk factors), as well as uncertainty in the various parameters affecting the exposure
edimates. For al locations and ingestion rates examined, the dominant sources of uncertainty in the risk
from fish ingestion are the concentration of **'Cs in fish and the amount of fish consumed. The relaive
importance of a pecific parameter depends on the location of exposure and the ingestion rates; in most
cases, the bioconcentration factor is the sngle most important parameter affecting the overdl
uncertainty. For externad exposure, the most important contributors to uncertainty are the
concentrations of *¥'Cs and ®Co in shordline sediments, followed by the total exposures and the risk
factors. For internd exposure via drinking water, the most important sources of uncertainty are the
amount of contaminant consumed, followed by the risk factors and the concentrations of *®Ru and *°Sr
in the water. Uncertainty in dosmetry contributes less than 5% (interna) or 10% (externd) of the total
uncertainty, while the risk factor (except for interna exposure to *’Cs) contributes 20-30%.
Uncertainties in exposure parameters (radionuclide concentrations and amounts of exposure) are
dominant for al pathways.

Results of Special Scenarios

Some individuas are thought to have consumed ground fish bones as wdl as flesh, in the form of fish
patties. Therefore, an evauation was made of the doses and risks resulting from substitution of part (8-
20%) of a Category | consumer’s fish intake with fish patties rather than flesh done. The doses and
risks to bone and red bone marrow are increased approximately 15-25% due to the increased ingestion
of ©Sr from the fish bones. However, because *Sr is a smal contributor to total dose and risk from
fish ingestion, the overdl risk is not increased sgnificantly by consumption of fish petties.
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Figure ES.3 Excess lifetime risk of cancer incidence for males from fish ingestion, drinking water ingestion,

and external exposure to shoreline sediment during four specific time periods for CRM 20.5 (top)
and CRM 0 (bottom). The vertical linesindicate the 95% subjective confidence intervals on the

risk estimates; the central values (50" percentiles) are also indicated. Risks for females from fish
ingestion are slightly lower than those for males (see Fig. ES.1).
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Four additional scenarios for interna exposure to radionuclides were evauated, specificaly the
consumption of contaminated wildlife (fish, turtles, deer, or waterfowl) from the Oak Ridge Reservation.
The risks per med (4-16 ounces) were estimated for the highest reported contaminant levels and for
more likely levels. For the most contaminated animals, the risk per medl ranged as high as 3" 10™.
Risks per med for more likely values did not exceed 2 10°. For deer and waterfowl, risks were also
cdculated on a per animd basis. The number of people who may have been exposed to contaminated
animds from the Oak Ridge Reservation cannot be determined precisdly, but it is thought to be a very
amal fraction of the total population exposed to contaminated fish, water, or sediment.

Advancementsin Dose Reconstruction Studies
This report highlights severd advancements in the field of dose reconstruction:

(1) Environmental measurements of radionuclide concentrations in water and mathematica modes for
predicting radionuclide concentrations in water and sediment were combined in asingle andyss.

(2) Both modeled and measured concentrations of radionuclides in water and sediment were adjusted
for the existence of known sources of bias and uncertainty.

(3) Site-gpecific data in conjunction with an evauation of the scientific literature were used to estimate
Site-gpecific bioconcentration factors for Clinch River fish.

(4) Detailed information about the demography of the region from 1944 to 1991 permitted the
specification of categories of individuds who could have been exposed and thereby the
characterization of the variability among individuas in the exposed population.

(5) Every effort was made to ensure aredigtic andysis of exposure, dose, and risk, and al sources of
uncertainty were included in the fina risk estimates.

(6) This dose recondruction is one of the first in which uncertainty in both externd and internd
dosimetry is expressed explicitly and the dose-response relaionship of cancer incidence with its
uncertainty is expressed for each organ and for tota cancers.

(7) Extending the cdculations to risk accounted for differing radiosengtivity among organs and
permitted accurate identification of the organs of most importance.

Conclusons

The radiological doses and excess lifetime cancer risks estimated in this report are incremental increases
above those resulting from exposure to background sources of radiation in the East Tennessee region.
Nevertheless, for the exposure pathways considered in this task, the doses and risks are not large
enough for a commensurate increase in hedth effects in the population to be detectable, even by the
most thorough of epidemiologica invedtigations. In most cases, the estimated organ doses are clearly
below the limits of epidemiologica detection (1 to 30 cSv) for radiationinduced hedlth outcomes that
have been observed following irradiation of large cohorts of individuas exposed ether in utero, as
children, or as adults.
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Even in the case of Category | consumers of fish, the upper confidence limits on the highest estimated
organ-specific doses are below 10 cSv, and the centra values are below 1 cSv. The lower confidence
limits on these doses are wdl bdow levels that have been consdered as limits of epidemiologica
detection in studies of cohorts of other exposed populations. The large uncertainty, combined with the
smal number of individuals comprisng Category | consumers, diminishes the statistica power available
to detect a dose response through epidemiologica investigation. Therefore, it is unlikdy that any
observed trends in the incidence of disease in populations that utilized the Clinch River and Lower
Watts Bar Reservoir after 1944 could be conclusively attributed to exposure to radionuclides released
from the X-10 Site, even though this present dose recongtruction study has identified increased individua
risksashighas1” 107 resulting from these exposures.
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1.0 INTRODUCTION

From 1944 to the present time, the Oak Ridge National Laboratory has discharged liquid radioactive
wadtesinto White Oak Creek, which emptiesinto the Clinch River at mile 20.8 (CRM 20.8). Initidly, the
Oak Ridge Nationa Laboratory (ORNL; origindly called the Clinton Laboratory) was designed to operate
for oneyear with al the resulting radioactive waste to be stored in aseries of gunitetanks. However, the
scope of thework at ORNL wasrapidly expanded, and asaresult, more radioactive waste was produced.
A decisonwas madein early 1944 to release low-leve radioactive wastesto the environment viaWhite
Oak Creek. Over time, theradioactive wastescamefrom the direct operationsof the graphite reactor and
the chemical separation plant aswell as other ORNL operations and other nuclear facilities throughout the
southernregion. Significant off-site rel eases of radioactive wastes continued until the mid-1960s, when
dramatic reductionsin rel eases occurred because of changesin ORNL operations and modificationsto
ORNL radioactivewastedisposal. (See Section 2 of thisreport for adetailed discussion of radioactive
waste disposal from the Oak Ridge National Laboratory.)

Potential exposuresto individua members of the public from radionuclide rel eases have existed since the
first releases of radioactivity to theriver in 1944. The public has had accessto the Clinch River, but not
to White Oak Creek, which islocated on the Oak Ridge Reservation, where access isrestricted and
controlled. The purpose of Task 4 isto calculate the total lifetime risk of cancer for specific target
individua s exposed to radioactivity resulting from releases of radionuclidesto the Clinch River from 1944
to 1991.

Toobtaininformation for cal culating the dosesand risks, thefollowing Task 4 objectives were established:

Q) To conduct ascreening analysis of the radionuclides released into the Clinch River and of all
potentia exposure pathways, in order to determine whether some of the radionuclides or exposure
pathways could be considered low priority for further study;

2 To determine the quantity of radionuclidesrel eased from White Oak Dam each year from 1944
to 1991 (source term);

3 Todeterminethe concentration of radionuclidesin thewater and sediment at downstream locations
inthe Clinch River from 1944 to 1991 by evaluation of available measurements and by modeling
the radionuclide releases to the Clinch River from White Oak Dam;

4 To conduct ademographic study of the human population that lived dong the Clinch River from
1944 t0 1991 to determinetheactivitiesand dietary habitsof critical individuasand the potentia
for these individuals to be exposed to radionuclides in one of the Clinch River pathways;

(5) Toidentify locationsand exposure pathwaysfor cal cul ating radiation dosesand risksto specified
target individuals

(6) To determine the concentration of critica radionuclidesin Clinch River fish by eva uation of Ste-
specific bioconcentration factors (ratio of the concentration of radionuclide in fish to the
concentration of radionuclide in water);
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7 To determine the uncertainty of the dose factors for critical organs for the most important
radionuclides;

(8 To determine the dosesto specific organs and to the whole body, together with the subsequent
health risks, including uncertainty in these estimates.

The screening analysis (Section 3) identified radionuclides and exposure pathways for which the human
health risk is clearly below alevel of concern (1 x 10°)! so that Task 4 could focus on evaluating
radionuclides and pathways that were more likely to have been important in terms of doses and risksto
individuals who resided on or utilized the Clinch River downstream from the Oak Ridge National

Laboratory facilities. Twenty-four radionuclidesrel eased into the Clinch River from 1944 -1991 were
included in the screening analysis. Three externa exposure pathways were considered: swimming,
exposure to shoreline sediment, and exposure to dredged sediment. Internal exposure pathways were
consdered for radionudidesingested in contaminated water, fish, megt, milk and agricultura products. The
screening analysis was performed for a hypothetical individual receptor who engaged in fishing and
swimming and wasinvolved in agriculturd activitiesat agte on JonesIdand. Asaresult of the screening
andysis, éight radionuclides (*'Cs, ®Sr, 1®Ru,*Co, I, ***Ce, ®Nb, and®*Zr) were carried into the next

round of study, while sixteen radionuclideswere assigned alow priority for further analysis. Of theeight
remaining radionuclides, **'Cs, ®Co, 1®Ru, and® Sr were expected to be the most important. In addition,
the swimming and irrigation pathwayswereassgned | ow priority because of low estimates of exposureand
the fact that the only documented incidence of the use of river water to irrigate crops was for a small
acreage of peaches.

To cdculate redigtic radiation doses and risk estimates to populations exposed to releases of radioactivity
to the Clinch River, the types of individuals who used the river and the pathways by which they were
exposed were first identified. A demographic study was conducted for the area from Highway 95
downstreamto the City of Kingston, whichislocated at the confluence of the Clinch and Tennessee Rivers.
Although many sources of information wereinvestigated, interviewswith individualswho had lived dong
the Clinch River and surrounding areas from 1944 to 1991 proved to be the most detailed. Information
wasobtained onthesizeand daily activitiesof thefamilies, onthedietary habitsof thefamilies, and ontheir
useof theriver for recreationa and agricultural practices. The demographic study (Section 7) helped to
establish thelocation of the criticd individuas and to identify the most important exposure pathwaysin each
of five sections of the Clinch River from CRM 20.8 to CRM 0.0.

One of the critical pathways of exposurefor individuasliving aong the Clinch River istheingestion of
contaminated fish, because fishing wasand isamgor recreational pastime. Measured concentrations of
radionuclidesin fish in the Clinch River are available for some years, locations, and species of fish.
However, for most of the yearswhen radionuclide concentrationsin the water were greatest, measured
concentrations of radionuclidesin fish are not available. Therefore, values known as "bioconcentration

LA value of 1 x 10™ disease incidence was selected by the Oak Ridge Health Agreement Steering Panel as a
decision guide for screening assessments. Because the risks were not added across pathways in the screening
analysis, alower risk level of 10° was used as the decision guide.
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factors'? were used to estimate the concentrations of specific radionuclidesin fish asafunction of the
radionuclide concentrationin theriver water. Bioconcentration factors specific for fishinthe Clinch River
were developed for *¥'Cs, *Sr, 1®Ru, and ®Co from available measurements of radionuclide
concentrationsin Clinch River fish and water, together with published information on the behavior of
radionuclidesin rivers and in fish and with information on local water conditions (Section 8).

Calculation of theradiation dosesto exposed individualsin the present study also involves consideration
of the transfer of selected radionuclides (e.g., **1) from river water to milk and beef (Section 9),
uncertaintiesin external dosefactorsin the shoreline exposure pathway (Section 10), and uncertaintiesin
theinterna dosmetry of specific radionuclidesin specific organs (Section 11). For interna dosmetry the
uncertainty associated with thel nternational Commission on Radiol ogica Protection (I CRP) organ-specific
internal dosefactorswasdetermined. Biokineticinformation for each of theradionuclideswasinvestigated,
and the parameters responsible for the uncertainty were determined for the organ-specific interna dose
conversion factorsfor *¥'Cs,®Co, ™ Ru,®* Sr, and **! (Section 11). Uncertainties associated with the
external dosefactorsfor **'Cs, ©Co, 1®Ru, *Sr, ““Ce, *Nb, and*Zr were al so determined (Section 10).

Lifetimerisk cal culationswere based on the dose-response rel ati onships obtai ned from the epidemiol ogical

study of the Japanese Atomic Bomb survivors. Thedose-responsereationshipsweretransferredto U.S.

populations and adjusted for al known potential sourcesof error. Therisk estimatesin thisstudy are based
on cancer incidence rather than mortality for most organs or cancer sites of interest.

Thefollowing Task 4 report containsthe ca cul ated radiation doses and risk values, dong with uncertainty
estimates of therisk to potentialy exposed target individuas (Section 13). Thesereferenceindividudsare
members of potentialy exposed populations which could have been exposed by one or more pathwaysto
radioactivity in the Clinch River from 1944 to 1991. The calculated risks to individuals exposed to
radionuclides released tothe Clinch River are evaluated in terms of theincreased risks of cancer incidence.

2By definition, a bioconcentration factor is the ratio of the radionuclide concentration in fish to the
concentration in water when at equilibrium in the environment. Many factors such as water quality and the
eutrophic state of the system can influence the value of the concentration factors.
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2.0 HISTORY OF RADIOACTIVE WASTE DISPOSAL AT THE X-10 SITE

The main facilities of the X-10 site, now the Oak Ridge National Laboratory (ORNL), are situated in
Bethel Vdley, which runs approximately northeast-southwest. The terrain surrounding ORNL is mostly
wooded. White Oak Creek, a smdl stream originating in Bethel Valley, flows southward adjacent to the
Laboratory and enters Melton Valey through a gap in Haw Ridge. From Méeton Valley, White Oak
Creek enters the Clinch River at Mile 20.8" (Figures 2.1 and 2.2).

Congtruction of the Oak Ridge Nationa Laboratory, originaly caled the Clinton Laboratory, began on
February 10, 1943. The Laboratory was built as a pilot plant for demonstrating the production and
separation of plutonium. Maor construction projects at the time were the Graphite Reactor, the "Hot Pilot
Plant” (a chemica separation plant), and a number of large underground concrete "Gunite" tanks to store
highly radioactive waste. Originally the Graphite Reactor was to operate for one year, with al highly
radioactive waste to be stored in the Gunite tanks.

The Graphite Reactor went into operation on November 11, 1943. From December 1943 to January 1945,
the primary objective of the Laboratory was to produce gram quantities of plutonium per day. Asaresult,
large quantities of radioactive waste were produced. During this same time period, the mission of ORNL
was expanded from one year to a date of indefinite continuation. The scope of work was broadened to
include additional fuel processing research, large-scale production of radioisotopes, and operation of
severd other experimental reactors in addition to the Graphite Reactor. The additional work necessitated
amethod to augment the storage of radioactive waste being held in the Gunite tanks. The management of
large quantities of radioactive waste was a unique problem in the early 1940s. The expanding mission of
ORNL meant that the wastes had to be dedlt with expeditioudy, even though methodologies for dealing
with radioactive wastes were till in an experimental stage.

The Gunite tanks were geographically divided into the North Tank Farm and the South Tank Farm
(Browder, 1949). The tanks were buried at least 6 feet deep. The function of the tank farms was to
receive and store radioactive metal waste and to collect and hold radiochemica waste until sufficient
radioactivity was lost either by physical decay or through precipitation of certain radionuclides so that the
liquid effluent could be discharged.

In 1943 White Oak Creek was impounded 0.6 miles upstream from its mouth to form White Oak Lake.
Releases of radioactive waste from ORNL could be held in White Oak Lake for a few days to permit
suspended solids to settle and to dlow time for short-lived radionuclides to decay.

Sampling methods a White Oak Dam varied from intermittent grab samples in the beginning to more
sophigticated flow-proportional monitors in later years. Until 1990, White Oak Creek flowed the fina 0.6
miles unimpeded in what is known as the White Oak Creek Embayment before joining the Clinch River at
Mile 20.8. In 1990, a coffer cell dam was constructed at the mouth of the creek to prevent radioactive
sediment that had been deposited in the embayment from eroding into the Clinch River (Blaylock et d.,
1993).

1 Riversand creeks are typically measured in terms of miles or kilometers upstream from their mouths, the points
where they empty into other bodies of water. For example, Clinch River Mile 20.8 (CRM 20.8) is 20.8 miles upstream
from the point where the Clinch River joins the Tennessee River near Kingston, TN.
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Figure 2.1 Location of the Oak Ridge Reservation in East Tennessee and the associated lakes
and rivers (Churchill et al., 1965).
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ORNL DWG 91M-13622

Figure 2.2  Location of the Oak Ridge National Laboratory in relation to White Oak Creek, Melton Branch and White Oak Dam.
White Oak Creek empties into the Clinch River at Mile 20.8 about 2.5 miles below Melton Hill Dam, which was
impounded in 1963.
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2.1 Waste Disposal 1944-1949

From 1944 to 1949, “highly” radioactive waste was placed in the underground Gunite storage tanks. The
fluids that did not settle (supernatants) were decanted and released to White Oak Creek via the Settling
Basin (Figure 2.3) after being mixed with process water from ORNL. Originaly, the process water
containing radioactive waste went into one of two holding ponds, the East and West Ponds (Figure 2.3),
which had a capacity of about 293,200 gallons (1100 nt) each. The ponds were to alternately receive
releases of the supernatant and process water from Gunite tanks W-5 and W-6 in the North Tank Farm.
The water in the East Pond was to "cool" through the decay of short-lived isotopes and the settling out of
"hot" particles while the West Pond was being filled. The East Pond would be drained into White Oak
Creek when the West Pond was nearly full and vice versa (Browder, 1959).

Radioactive waste discharge into the East and West Ponds began March 6, 1944, and was discontinued
April 27, 1944, when Overstreet and Jacobson reported relatively high levels (up to 37,000 Bq g or 1 °

10° pCi g*) of fission products in the water and mud of White Oak Creek and in the Clinch River near the
mouth of White Oak Creek (Overstreet and Jacobson, 1944; Morgan and Western, 1947). The
inadequacy of the East and West Ponds to contain the radioactivity was largely due to the smal size of the
ponds and to the fact that much of the precipitate that settled to the bottoms of the ponds washed into
White Oak Creek when the ponds were drained.

Because of the inadequacy of the holding ponds, a 1,500,000-gallon (5700-m®) Settling Basin was built and
put into operation on July 3, 1944. The discharge from Gunite tanks W-5 and W-6 was mixed with the
process water from the Laboratory to give a flow of about 900,000 gallons (3400 ) of water per day into
the Settling Basin. The Settling Basin was to serve as a collection, sampling, and settling pond for the
Gunite tank supernatants to permit radioactive solids to settle from the waste water before it was
discharged to White Oak Creek (Feige et a., 1960). Radioactive particulates in the water had more time
to settle out in the Settling Basin than in the smaller retention ponds, and the activity released to White Oak
Creek was greatly reduced. A limit of 5 Ci (1.9 ~ 10" Bq) of radioactivity per day was established for
the discharge into White Oak Creek (Browder, 1949). This limit was in effect from 1946 to 1948. The
Settling Basin operated from 1944 to 1976. In 1985, the estimated inventories of radionuclides in the
Settling Basin (currently Pond 3513) were as follows: 130 Ci (4.8~ 10" Bq) of »*'Cs; 1 Ci (3.7~ 10" Bq)
of ®Co; 20 Ci (7.4 ~ 10" Bq) of *Sr; 0.1 Ci (3.7 10° Bq) of ®Pu; 3Ci (1.1~ 10" Bq) of #°Pu; 0.5Ci
(1.9~ 10" Bq) of **Am; 0.1 Ci (3.7 ~ 10° Bqg) of **Cm; and 0.2 Ci (7.4 ~ 10° Bq) of **Eu (Stansfield
and Francis, 1985).
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Figure 2.3

FROM HOT SIMKA . bDeawing & 4403
7068 LEGEND

1 VALYE

A DIVERSION BOX PLUG ¥ALVE

+ BLARK IN LINE

cn © MANWOLE
FD B BT PROD WASTE
T06A BO BOTTON OUTLST
1 br OYERFLOW
J Jer

FROW 706C_AMD TO6D
PIVERSI
- TAKK

SEITLING
BASIN

10 METAL IASTE -
/" STORAGE EAST POND
. T0 METAL WASTE - : 1

S T | pot piTe

WEST FOND

i
P

A drawing of the East and West Ponds and the Settling Basin in 1944. Radioactive effluents were released into either
the East or West Pond; ocne pond was then emptied into White Oak Creek while the other was filled. Releases to the
ponds began March 6, 1944, and ceased on April 26, 1944, after high levels of radioactivity were discovered in White
Oak Creek and the Clinch River. A larger settling basin (3513) was then constructed and went into operation on July
3, 1944, receiving decanted waste from the Gunite tanks and laboratory waste water (After Morgan and Western,
1947). -
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2.2 Waste Disposal 1949-1954

Identification of different categories of liquid wastes was an important part of the disposal process. In
1949, liquid waste was classified into four types according to composition and radioactivity (Browder,
1949).

Radiochemical Waste was classified as “highly” radioactive (averaging 25 °~ 10° beta
countsminute/milliliter) and had as its source specia "hot" sinks and vessals in cells devoted to "hot"
work. In 1949, the average volume was 30,000 gallons (110 n¥) per week. [Note: This “highly”
radioactive waste was later defined as intermediate-level waste (ILW)(Coobs and Gissel, 1986).]

Metal Waste included plutonium-, uranium-, or thorium-bearing waste which was usudly highly
radioactive (averaging 10° beta counts/minute/milliliter). In 1949, the metd waste averaged 1,500
gdlons (5.7 n) per week.

Warm Waste was moderately radioactive (averaging 10* beta counts/minute/milliliter). In 1949, warm
waste averaged 75,000 gallons (280 n®) per week.

Process Waste was theoretically nonradioactive and was derived from cooling water, laboratory
snks other than "hot" sinks, and floor drains. However, the Graphite Reactor cand overflow also
drained into this system. The process waste volume was two to four million gallons (7,600-15,000 nt)
per week and averaged 100 beta counts/minute/ milliliter.

In 1949, the precipitation and decanting procedure for treatment of “highly” radioactive waste was
replaced by an evaporation step that produced both a concentrate, which was permanently stored in the
Gunite tanks, and alow-level condensate, which was discharged into White Oak Creek. A pot-type waste
evaporator along with necessary auxiliary equipment was placed in operation at ORNL in June 1949
(Straub, 1956). From June 1949 until June 1954, dl “highly” radioactive liquid chemicad waste was
concentrated by evaporation instead ¢ by the procedure involving decanting, supernatant dilution, and
release into White Oak Creek. During this period, the evaporator processed a total of 11,650,000 gallons
(44,000 n?) of waste and reduced the volume to 432,000 gallons (1600 n¥) of radioactive concentrate,
which was stored in the Gunite tanks. Other radioactivity entering White Oak Creek came from process
waste water and from accidental discharges. The evaporator was taken out of service in June 1954 after
a 1,000,000-gallon (3800-m°) experimenta in-ground, waste disposal pit had been in use for about two
years.

2.3  Waste Disposal Pitsand Trenches 1951-1970

Seven open pits and covered trenches were built and operated between 1951 and 1966 for the disposa of
radioactive liquid waste. The pits (1-4) and trenches (5-7), located in the White Oak Lake drainage area
(Figure 2.4 and Photograph 1), were intended to dispose of radioactive waste by letting the liquid seep
from the pits and trenches while the radioactivity was retained by the surrounding soil. About 1.2 million
curies (4.4 ~ 10 Bq) of high-energy beta emitters were disposed of using this method (Spalding and
Boegly, 1985). Until 1959, open seepage pits were used exclusively for the disposal of dl “highly”

radioactive liquid waste (later classified as ILW), and, at the time, the operation was considered safe,

smple, and economical.
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Creek, approximately 0.5 miles (800 m) above White Oak Dam.



Seepage Pit 2 Seepage Pit 3

Seepage Pit 1

Former Bed of
White Oak Lake

Photograph 1: Seepage pits 2,3 and 4 and the location of the seepage trenches in relation to the former
White Oak Lake bed (White Oak Lake was drained at the time). View is toward the east.
(Photo 15895 courtesy of Oak Ridge National Laboratory.)
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Photograph 2: Waste pit 2 and a tanker truck that was used to transport liquid radioactive waste to the
pit before construction of the pipeline from the Gunite tank to the seepage pit area (1954).
(Photo 12116 courtesy of Oak Ridge National Laboratory)
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Photograph 3: A view of White Oak Lake bed shortly after draining in 1955, looking southward toward
Highway 95, which crosses White Oak Dam. The meandering stream below the dam flows through White
Oak Creek embayment to the Clinch River in the background; the Clinch is flowing to the right.
(Photo 15093 courtesy of Oak Ridge National Laboratory)
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Strontium  retention in the pits was good, and *Sr was considered the controlling contaminant in
establishing the MPC (Maximum Permissible Concentration) for the Clinch River. It was discovered,

however, that ruthenium, unlike strontium, was not retained by the soil. Because of *®Ru’s short half-life
gabout 1 year), the importance of these releases was not recognized until 1959, when large quantities of
%Ru were reported in groundwater leaving the pits. This followed a sharp increase in radioactivity
discharged into the pits in 1959 that was due mainly to higher levels of radioactivity in waste from the Hot
Pilot Plant, where chemica separation of radionuclides was performed. A potentialy serious release of
1962u from the east bank of Waste Pit 4, occurring in late 1959, caused the release of an estimated 1320
curies (4.8 ~ 10" Bq) to White Oak Creek. At the same time, the concentration of *®Ru in the Clinch
River began to increase, and radiation levels at the pit site became too high to send personnel into the area
for sampling or other purposes.

2.3.1 WastePits

Waste Pit 1, was constructed in July 1951 with a capacity of 180,000 gallons (680 nt). About 123,000
galons (470 nT) reportedly containing 389 curies (1.4 ~ 10" Bq) of gross beta radioactivity were hauled
from the evaporator to Pit 1 in 500-gallon (2-m°) tanks fitted on a Dempster Dumpster truck. With the
discovery of radioactive leakage from the pit, discharges into the pit were terminated October 5, 1951.
Leakage was attributed to the poor location of the pt relative to the underlying terrain. The waste was
highly alkaline and contained about 60% **'Cs and 40% ®Ru, but little .

Waste Pit 2, completed June 1952 and situated on a hillock southwest of Pit 1, had a capacity of about
1,000,000 gallons (3800 n¥) (Photograph 2). In 1954, a pipeline was constructed from the Gunite tanks to
Pit 2, and the waste evaporator was shut down. Typically 3,000 to 7,000 gallons (11-26 nv’) per day were
pumped to Pit 2. Through December 1954, when Pit 2 was operating alone, 1,294,000 gallons (5000 n)
of liquid waste containing a reported 16,600 curies (6.1 ~ 10* Bq) of beta activity were pumped to the pit.
Pit 2 probably received no waste in 1955, because Pit 3 was opened in January and took almost a year to
fill. Pit 2, dong with Pits 3 and 4, received some dudge hauled by tank trailer from the Process Waste
Treatment Plant after it began operating in 1957. In October 1959, a potentialy serious breakthrough of
1%Ru activity occurred in the bank on the east side of Pit 2. During this period, an estimated 300 to 350
curies (1.1-1.3 ~ 10" Bq) of activity, primarily 1®Ru, were released into White Oak Creek from Pit 2. Pit
2 was covered with asphalt in 1970.

Waste Pit 3, with a capacity of 1,000,000 gallons (3800 n®), was completed and put into service in January
1955. Discharge of the liquid waste from the pipeline was to Pit 3, and when it became full, the overflow
was piped downhill to Pit 2. The quantity of waste placed in Pit 3 is difficult to estimate. Lomenick et al.
(1967) estimated that Pits 2 and 3 contained essentialy al of the *°Sr and about 85% of the **'Cs
discharged to the pits. Lesser amounts of ¥Sr, s, ©Co, and *2°Sb were present. Neither *H nor *Tc
was measured because they are low-energy beta emitters (Cowser et d., 1961; Lomenick et al., 1967).
In addition, seepage rates from the pits were difficult to calculate. Groundwater seeps were observed on
the east side of Pit 3, but were not as severe as those of Pit 2 or later seeps found originating from PFit 4.
Pit 3 was taken out of service in September 1961, and backfilling and grading were completed in 1963.

Waste Pit 4, was completed in October 1955, but was not put into service until April 1956, when it first
received overflow of liquid waste from Pit 2. This seepage pit was similar in design to Pits 2 and 3 and
was located downhill from Pit 2. By the time Pit 4 went into operation, the Laboratory depended heavily
on the pits for disposa of liquid waste. Pit 4 started leaking amost immediately and never held liquid to
the degree of Pits 2 or 3. Because it was at the end of the overflow from the other pits, it did not receive
a large volume of waste until 1959, when some large discharges of ‘®Ru entered the pits. Leakage




TASK 4 REPORT
July 1999 Radionuclide Releases from X-10 to the Clinch River-
Page 2-12 History of Radioactive Waste Disposal at the X-10 Site

occurred on the east side of Pit 4, and as a result, an interceptor trench 10 feet deep and 175 feet long
was dug on the east side. For some time during 1959, approximately 50 Ci (2~ 10™ Bq) of **Ru per day
in 8,000 galons (30 nT) of waste were pumped back into Pit 4. Although the discharge of elevated levels
of Y®Ru to the pits was curtailed, seepage of '®Ru from the pit area remained high for several years.
When a new process waste treatment plant became operational in 1976, Pit 4 was gradually backfilled and
eventualy paved with asphalt in 1980.

Prior to November 1962, Pits 2, 3, and 4 received a total inventory of 522,565 curies (1.93 ~ 10 Bq) of
gross beta activity. Lomenick et a. (1967) estimated that this total represented 42,000 Ci (1.5 ~ 10™ Bq)
of ®Sr; 184,000 Ci (6.8 ~ 10" Bq) of **'Cs; 230,000 Ci (85" 10" Bq) of *®Ru; and about 70,000 Ci (2.6
* 10™ Bq) of trivaent rare earths (such as Y, Sc, Ce, Pr, Eu).

2.3.2 Waste Disposal Trenches

In response to the increasing demand for liquid waste disposal space at ORNL, waste disposal Trench 5
was constructed in May 1960. Trenches were numbered in sequence after the waste pits; i.e., there were
no trenches 4. Changes were incorporated in the design of these seepage trenches (Figure 2.5) to
overcome the following operationa problems encountered with the pits:

intense radiation fields developed around the three seepage pits,
netting was required over the open pits to prevent use by waterfowl;
direct precipitation entered the pits;

seepage rates were difficult to measure in the open pits; and
seepage occurred along the walls of the pits.

Trench 5 completed May 20, 1960, was 300 ft long by 15 ft deep (91 m ~ 4.6 m). The trench was treated
with 1,800 pounds (820 kg) of copper sulfate and 1,000 pounds (450 kg) of sodium sulfide in an attempt to
overcome the “®Ru mobility problem. Then the trench was filled with coarse rock and covered with soil
to reduce the external exposure. Liquid waste generated at the Laboratory averaged 7,000 to 8,000
gallons (26-30 nT) per day, necessitating the continued use of the pits as well as Trench 5. Trench 5 was
probably the most effective trench, built with no specific areas of drainage. Trench 5 operated at about
maximum capacity until 1966, after receiving 9.5 million gallons (36,000 nt) of waste containing 311,824
gross beta curies (1.15 °~ 10" Bq). The estimated radionuclide contents of this waste were as follows:
96,750 Ci (3.6 ~ 10™ Bq) of #%°5r: 205,600 Ci (7.6~ 10" Bq) of »*'Cs; 6,385 Ci (2.4~ 10* Bq) of **Ru;
and 3,045 Ci (1.1 ~ 10" Bq) of ®Co. The mounded earthen surface of Trench 5 was paved with asphalt
in 1970.

The excavation and filling of the second waste trench, Trench § was completed in June 1961. This
trench, which was U-shaped and 500 ft (150 m) in length, was about 50% larger than Trench 5. The size
of Trench 6 should have accommodated all of the Laboratory's liquid waste; however, it was not located
using geologica precoring and water table information. Instead the location was apparently chosen
because of its close proximity to the end of the liquid waste transfer line (Kertesz, 1961). Trench 6
received its first waste on September 7, 1961, and was taken out of service on October 10, 1961, when
significant seepage of 0.15 gallons (5.7 ~ 10” m®) per minute containing *°Sr and **'Cs was discovered:;
the radiation field was 20 mr/hr. Trench 6 received only about 130,000 gallons (490 nf) of waste
containing 145 Ci (5.4 * 10" Bq) of *°Sr, 665 Ci (2.5 10" Bq) of **'Cs, 501 Ci (1.9~ 10" Bq) of *®Ru,
and 24 Ci (8.9~ 10™ Bq) of ®Co. Trench 6 was covered with asphalt in 1981.
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Figure 2.5 A drawing showing the improved design of the waste disposal frenches that
succeeded the waste disposal pits. The main concern was to reduce the external
exposure 1o workers below that encountered at the open pits.
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The location and orientation of Trench 7 the last seepage trench, was based on geologic advice with
preconstruction water table monitoring and geologica coring to prevent the problems encountered with
Trench 6. Trench 7 was designed to have three 100-ft (30-m) long segments that could be operated
independently, so that if aleak occurred in one segment, the entire trench would not be lost.

Congtruction of Trench 7 was completed in August 1962. The third segment of Trench 7 was not
completed because of high ground water elevations. The trench was treated with 50,000 gallons 190 nv)
of 4% sodium hydroxide to enhance the adsorption of **Sr. Trench 7 had about four times the seepage
capacity of Trench 5, an amount that was greater than the liquid waste generation rate of the Laboratory.
The capacity of Trench 7 alowed the two remaining pits, Pits 2 and 4, to be removed from service.
Trench 7 performed well, handling the 9.5 million gallons (36,000 n¥) of waste transferred to it. This
waste contained about 48,000 Ci (1.8~ 10" Bq) of *Sr; 231,000 Ci (85~ 10™ Bq) of **'Cs; 3,400 Ci (1.3
" 10" Bq) of ®Ru; and 1,500 Ci (5.6 © 10" Bq) of ®Co. When the hydrofracture facilities became
operationa in 1966, Trenches 5 and 7 were used for the last time (National Academy of Sciences, 1954).
Trench 7 was paved with asphalt in 1970 when Pit 2 and Trench 5 were covered.

2.4 Process Waste Water Treatment Plant

A process water treatment plant was completed and put into operation August 8, 1957. The function of
this plant was to reduce the level of radioactive contamination in the low-activity process waste water
being discharged to White Oak Creek. An automatic diversion valve was instaled in January 1959 to
divert the entire process waste water flow to the trestment plant when the level of radioactivity in the
water exceeded a given level. When the activity was below the set level, the valve diverted the water
around the treatment plant and into the creek via the Settling Basin. Sudge waste from the process waste
water treatment plant was taken to the pits and trenches for disposal. A replacement waste water
treatment plant began operation in 1976.

2.5 White Oak Lake
2.5.1 Overview of the History of White Oak Lake

White Oak Lake has served as the find settling basin for radioactive liquid waste from the Laboratory
since 1943. In 1941, the Tennessee Valley Authority placed a culvert and an earthen fill, 0.6 miles (1 km)
upstream on White Oak Creek for a highway crossing. The lake was created in 1943 when interlocking
sed pilings were placed on the upstream side of the culvert. A vertical diding gate, four by six feet in
size, with the top devation at 750 feet above mean sea level (md) was used to control water level in the
lake. At the overflow eevation of 750 ft md, the volume of the impoundment was approximately 10.5 x
10° £t (230,000 nt) with a surface area of 44.2 acres (180,000 nf). Another four-foot-square gate was
fitted into the piling near its base; this was used to drain the lake in 1955. The lake was usualy maintained
at 748 ft mdl, resulting in a lake surface area of approximately 35.9 acres (145,000 nf). The historical
changes that influenced the surface area of White Oak Lake are listed in Table 2.1.

Two small earthen fills were placed across White Oak Creek at mile 2.0 and 2.3 in 1944 to create
preliminary settling basins for liquid waste from ORNL (Figure 2.6). These settling basins permitted the
deposition of suspended radionuclides before they were returned to White Oak Creek. The lower fill
caused the formation of an extensive marshy area of 35.87 acres (145,000 ). On September 29, 1944,
the two earthen dikes were washed out during a storm that released 8.8 inches (22 cm) of rainfdl in 26
hours (Morgan and Western, 1947; Setter and Kochtitzky, 1950). The Settling Basin, below the Gunite
tank farm near White Oak Creek, overflowed for about 2 hours during this storm, but emergency
stabilization activities prevented its sides from being washed away, and the enormous dilution caused by
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the rain prevented the occurrence of significant radiation hazards downstream. There was concern that
White Oak Dam might be breached, but just when it appeared that the dam would be overtopped, the
water began to recede. To remove the threat of future washout of the Settling Basin, which might dump a
thousand or more curies of activity into the drainage system, the stream bed of White Oak Creek near the
Settling Basin was widened and deepened.

2.5.2 Estimates of Radioactivity in Bottom Sediments of White Oak Lake

The first discharges of radioactivity to White Oak Creek started on March 6, 1944, and the first
measurements of radioactivity in the White Oak Creek drainage system were made by Overstreet and
Jacobson (1944). On April 26, 1944, along the creek’s course, activity ranged from the 10° Ci g* (37,000
Bq g') in sediment samples just below the outfall in White Oak Creek t010° Ci ¢ (37 Bq ¢%) in Clinch
River sediment just below the mouth of White Oak Creek. Because of the higher than expected levels of
activity in the samples, the release of radioactivity to White Oak Creek was discontinued until the Settling
Basin was completed.

2.5.3 Draining of White Oak Lakein 1955

By 1954, it was believed that White Oak Lake was in equilibrium with White Oak Creek in terms of its
ability to dilute and otherwise retain radioactive materia (Burnett, 1947). As aresult, the fish populations
were poisoned and removed, and the lake was drained in October 1955 (Lee and Auerbach, 1959).
According to Browder (1959) White Oak Lake was drained for the following reasons:

to perform maintenance work on the dam facilities;

to destroy and dispose of the aquatic species in the lake;

to avoid attracting and harboring migratory waterfowl;

to provide additiona safeguards by increasing retention potentid;

to facilitate and improve control of activity release; and

to permit modification of sections of the lake area for research use.

Draining the lake was accomplished in a dow and deliberate manner to prevent disturbing the aluvia

material and the silty areas. After the draining, White Oak Creek flowed in a narrow channd through the
lake bed and through the gate in the dam, which could be closed in case of emergency (Photograph 3). A
continuous water sampler and a radiation monitor had been installed at the dam in 1950. Although the
monitor could detect a"dug" of radioactivity, which in turn would sound an adarm, it was considered a
stop-gap instrument until a better one could be developed (Browder, 1959).
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Table2.1 Historical changesin White Oak L ake.
Surface
Date area Events Refer ences
(ha)
1041 Highway fill and culvert installed by TVA ST 194 @ In Krumnolz
Sheet piling dam ingtalled with spillway with
1943 145 vertical sliding gate Krumholz 1954
Generation of radioactive waste at ORNL
1943 began and lake served as find sdtling basin Morton 1961
(750 ft MSL)
Dikes at White Oak Creek km 3.3 and 3.9 .
1944 NA washed out (7.75in., 26 in., 3.5 in. runoff) Seiter and Kochiitsky 1950
1945 122 I(g\zlgg?gtlon of structura strength of dam Oakes et. al. 1982a
Lake lowered to 745.5 ft. to facilitate sediment
1948 10.3 sampling, norma operation from 1948 to 1955 Oakes et. a. 1982a
was form 747 to 749 ft.
1953 NA L_ake partla[ ly drained during rotenone survey of Oakes et a. 19823
fish population
Lake drained: radionuclides in lake sediment and
water believed to be in equilibrium so lake
1955 2.8 saved no useful  function in  retaining Morton 1961
radioactivity but could function as an emergency
storage basin
Significant releases of **’Cs probably from
1956 0.4 erosion of freshly exposed sediment after lake Lackey 1957
was drained
Gate structure renovated to prevent inflow of
1959 NA backwaters from Clinch River Morton 1961
1960 3.2 Dam closed, surface level raised i%ghmanen ad  Nelson
1963 6.0 Completion of Meton Hill Dam Tg%ghma’ nen awd  Nelson
1967 8.1 None reported McMaster 1967
1969 105 None reported fgogg‘ma‘ nen and  Nelson
Lake level gradually dropped from 745 to 742 ft.
1979 46 because of potential ingtability of the dam Oakeset. dl. 19822
1980 6.9 Congtruction of a berm to stabilize dam was Boyleet. dl. 1982
completed
Discharge channed and weir constructed,
1983 6.9 roadbed rerouted Oakes et. a. 1982b
1988 6.9 Estimate of surface area axd volume (43,900 Cox . a. 1991

m°) at lake elevation of 745 ft.
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Figure 2.6  An early drawing showing White Qak Lake, the upper and lower earthen fills (dikes), and the Intermediate Pond. The upper
and lower dikes were “washed out” when 8.8 inches of rain reportedly fell on the White Oak Creek Watershed during a 26-
hour period starting on September 29, 1944. - -
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2.5.4 Flooding of White Oak Lake Bed in 1956

Heavy rains in early 1956 flooded the former lake bed beforeit was revegetated. The greatest annual
release of **'Cs (170 Ci or 6.3 ~ 10™ Bq) from White Oak Lake was reported for 1956 (Ohnesorge,
1986). Measurements of the depth of the sediment in the lake in 1961 were compared with those made by
the Tennessee Valley Authority in 1953. The measurements indicated that the channel of White Oak
Creek, which had been filled with sediment before the lake was drained, was eroded back to its
preimpoundment depth. Sediment depth in the lower one-third of the lake was approximately the same,
but the middie and upper two-thirds of the lake had dightly less sediment than reported in 1953. An
estimated 4250 n? (150,000 ft°) of silt had been eroded from the lake bed between 1953 and 1961 after
draining of the lake (Lomenick et a., 1961; Oakes et a., 1982d). In 1960 the spillway gates were
reworked and closed to prevent the backflooding of water through the dam (Kolemainen and Nelson,
1969).

2.5.5 Ruthenium Releases 1959-1961

Ruthenium seeped from the waste pits onto the former bed of White Oak Lake (the area exposed

following the draining), where the ruthenium was either sorbed onto the soil or transported by water over
White Oak Dam. It was believed that much of the *®Ru would be retained in the soil or sediments of the
upper lake bed during the dry season, and because of its short physical half-life (372 days), 1®Ru releases
E)ast White Oak Dam would not be problematic. Lomenick (1963) estimated that less than half of the
%Ru leaving the pit system during 1959 and 1960 was detected at White Oak Dam. Through December
1961, the pit system had received a total of about 22,000,000 gallons (83,000 n¥) of waste containing
approximately 235,000 Ci (8.7 ~ 10" Bq) of *®Ru; 183,000 Ci (6.8 © 10" Bq) of **Cs; 43,000 Ci (16

10" Bq) of *sr; 77,000 Ci (2.8 © 10" Bq) of rare earths exclusive of *Y and lesser amounts of **Ru,
893, 60C0’ and B,

According to Lomenick (1963) a reasonable estimate of the quantity of '®Ru in the lake bed as of
February 1962 was 1,200 Ci (44 ~ 10" Bq), but larger quantities could have been in the lake bed at
different times. Edtimates of the amount of ruthenium leaving the pits represented values based on
continuous records of stream flow and weekly grab samples in the stream flow area and, at best,
represented only reasonable estimates. During the dry summer months, the streams that drained the
waste pit area had low flow rates, and the seepage from the pits mainly recharged the groundwater.
However, in the wet winter season, when stream flow was highest and the groundwater beneath the lake
bed was near the surface, more of the waste water flowed over the lake bed into the creek. It was during
the wet season that the greatest quantity of ruthenium was expected to be released at White Oak Dam. It
was aso during high water when the water level was above the pilings at the dam that monitoring of the
flow through White Oak Dam was the most inaccurate.

2.5.6 Estimates of Radionuclide Concentrationsin White Oak L ake Sediment

Estimates of the radioactivity in the bottom sediment of White Oak Lake were made by Abee (1953) for
1950, 1951, and 1952 (Table 2.2). These estimates were based on core samples that were collected from
the lake and analyzed for radioactivity. In most cases, only the top 3 inches were anayzed; however,
some cores were analyzed to greater depths. Abee compared his estimates of the total radioactivity in the
sediment to estimates by others for 1945, 1946, and 1948 (Table 2.2). In 1945 and 1946, the total activity
was listed as approximately 20 Ci (7.4 ~ 10 Bq), despite higher sediment activity values reported in an
earlier survey (Cheka and Morgan, 1947). The estimated inventory in the sediment for 1948 was 310 Ci
(1.1 10"™ Bq), which was in line with the estimates for 1950 through 1952.
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Table2.2 Total Activity in White Oak Lake Sediment 1945-1952 (Abee, 1953)

Anniial Assav Total Activitv in Sediment
1945 21Ci(7.8° 10" Ba
1946* 20Ci (7.4~ 10" Bg)
1948* 310Ci (1.1~ 10" Bq)
1950 392 Ci (L5 10" Bq)
1951 359 Ci (L3~ 10" Bq)
1952 303Ci (1.1~ 10" Bq)

* estimates from other sources

The most comprehensive analysis of radionuclide concentrations in White Oak Lake sediment was
conducted by Lomenick and Gardiner (1965). The inventory of radionuclides in the lake sediments was
based on 250 sediment core samples taken in 1962. Ninety-three cores were analyzed for *°Sr and
trivalent rare earths (TRES), and 250 cores were analyzed for **Cs, '®°Ru, and ®°Co. A tota of 1,038 Ci
(3.8~ 10" Bq) of '®Ru, 704 Ci (26 ~ 10" Bq) of »*'Cs, 152 Ci (5.6 ~ 10" Bq) of ®°Co, 16.1 Ci (5.9
10" Bq) of TREs, and 14.6 Ci (5.4 ~ 10" Bq) of *Sr were estimated to be in the sediment of White Oak
Lake (Lomenick and Gardiner, 1965). Approximately 80% of the activity of each radionuclide was found
in the upper 0 to 6 inches of sediment, with decreasing amounts found from 18 to 24 inches (Table 2.3).
Ninety percent of the activity was composed of ®Ru and *¥'Cs, both of which decreased with depth.
The lake bed contained about 1,000,000 ft* (28,000 nT) of contaminated sediment, which was as much as
2 ft (0.6 m) thick in the lower part of the lake near the dam.

2.6 Clinch River 1943-present: The Clinch River Study

Although the Clinch River had been analyzed on alimited basis before 1959, the Clinch River Study from
1959 to 1964, was much more comprehensive and produced a large amount of usable data. The Clinch
River Study was organized in 1959 as a cooperative project. Four Federa agencies (Tennessee Valley
Authority, US Atomic Energy Commission, US Geologica Survey, and US Public Health Service), two
State of Tennessee departments (Tennessee Department of Public Health and Tennessee Game and Fish
Commission), and the Oak Ridge Nationa Laboratory were joint participants in the planning and
administration of the study. A program of study was drawn up in 1959, and implemented over five years
(Struxness et d., 1967).

The initid objectives of the Cinch River Study included: (1) to determine the fate of radioactive material
being discharged into the Clinch River; (2) to determine and understand the mechanisms of dispersion of
radionuclides in the river; (3) to evaluate the direct and indirect hazards of waste disposa practices, and
(4) to evaluate the usefulness of the Clinch River for radioactive waste disposal. During the study, Melton
Hill Dam was being constructed on the Clinch River a short distance above the mouth of White Oak
Creek to serve as a peaking unit for the production of electrical power. The Clinch River Study was aso
designed to determine the influence of Melton Hill Dam operations on the distribution and concentration
of radionuclides in the Clinch.

Six Clinch River Study status reports, edited by R. J. Morton, and a number d supplementary reports
resulted from the study. One mgjor part of the study involved the sampling and analysis of sediment core
samples from the Clinch and Tennessee rivers. The ensuing report emphasized the transport and
digtribution of radionuclides in the sediment of the Clinch River. The locations of sampling stations that
were used in the Clinch River Study were as follows (Churchill et a., 1965):
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Table 2.3 Quantity and distribution of radionuclidesin White Oak Lake bed — December 1962 (L omenick, 1963).

Depth from surface (in.)

Radionuclides Oto6 61012 12to0 18 18to0 24 Totals
Curies % Curies % Curies % Curies % Curies %
1%%Ru 504+ 76 57 276+ 38 27 112 + 19 11 56 + 10 5 1038+ 83 100
Bcs 468 + 20 66 204 + 25 29 29+ 12 5 3+1 <1 704+35 100
®cCo 119+ 9 78 22+2 15 8+1 5 3+0.5 2 152+ 9 100
TRE** 13+3 78 25+10 15  10+07 6 01+0.1 1 166+33 100
Ogr 10+ 0.9 68 35+05 24 10+03 7 01+0.1 1 146+11 100

* Numbersfollowing + are estimated standard errors.
** Trivalent rare earths exclusive of Y.
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Station 1. Clinch River at Oak Ridge water plant -- Clinch River Mile 41.5
Station 2. White Oak Creek at White Oak Dam -- White Oak Creek Mile 0.6
Station 3. Clinch River at Gallaher Bridge -- Clinch River Mile 14.5

Station 4. Clinch River above Centers Ferry -- Clinch River Mile 5.5

Station 5. Tennessee River at Loudon, Tennessee -- Tennessee River Mile 591.8
Station 6. Tennessee River at Watts Bar Dam -- Tennessee River Mile 529.9
Station 7. Tennessee River at Chickamauga Dam -- Tennessee River Mile 471.0

Sampling began in November 1960 and extended through November 1962, except at the Gallaher Bridge
where sampling began in January 1962 and was discontinued at the end of November 1962. Samples
were anadyzed by the US Public Hedlth Service, Cincinnati, Ohio, as well as by the Oak Ridge National
Laboratory. The Clinch River Study provided data on the concentrations of radionuclides in water,
sediments, and biota.

2.7  Waste Discharged Directly into Creeks 1950-pr esent

Severad comparatively minor sources of radioactive waste were not included in the main ORNL liquid
waste control systems. These sources produced relatively small quantities of low-activity waste, most of
which was released to the nearest creek within the White Oak Creek drainage. These sources are
described briefly below.

The Low Intensity Test Reactor (LITR). The LITR was located within the ORNL-controlled access
area, less than 100 ft (30 m) north of the ORNL Graphite Reactor. The LITR began operating in
February 1950. In 1953, the power level was increased, and it was utilized as a genera research facility
until it was decommissoned in October 1968. The LITR discharged “highly” radioactive waste to a
monitoring tank in the “highly” radioactive chemical waste system. Two retention ponds received the
coolant water when the reactor was drained or when it leaked coolant. Cooling water from irradiation
experiments in the reactor also was discharged to these ponds. Most of the radioactivity was in the form
of #*Na, which has a half-life of about 15 hours. The ponds were periodicaly drained to a branch of
White Oak Creek after the activity in the water had decayed to less than 100 gross beta and gamma
counts/minute/milliliter. The ponds are no longer in use (Coobs and Gissel, 1986).

The Oak Ridge Research Reactor. The Oak Ridge Research Reactor (“swimming pool reactor”) was
located in Bldg. 3042 and operated at 30 MW from May 1958 until July 1987, when it was shut down.
The LITR retention ponds also received reactor water drainage from the "warm™ sump in the Oak Ridge
Research Reactor building. “Highly” radioactive waste was handled by the same tanks that served the
LITR. The retention ponds were periodically drained into a branch of White Oak Creek.

The Homogeneous Reactor Test (HRT). The HRT was located in Melton Valey in the 7500 area across
a high ridge from the main %10 area. A retention pond (Pond 7556), which overflowed to Meton
Branch, received reactor storage-canal water. The capacity of the pond equaled the entire volume of all
the HRT building cdls. If activity was too high, the water was drained into a 12,000-gdllon (45-m°)
stainless steel tank buried near the pond. Waste was then hauled to the “highly” radioactive waste
disposal pits (Browder 1959). Operation of the first HRT began in February 1953 with a small (150 kW)
reactor that was dismantled in 1954. A second HRT was started in January 1958. It was designed to
operate at 5 MW but was plagued with problems and shut down early in 1961. The waste pond is no
longer in service and has been filled and covered with asphalt. No records of its contents are available.
However, approximately 10% of the ®Sr entering Melton Branch reportedly originates from the
contaminated flood plain adjacent to the covered ;)ond (Duguid et al., 1977). The flood plain soils dso
contain higher than background concentrations of “*°Pu (Duguid et al., 1977).
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The Aircraft Reactor Test (ART). The ART was located near the HRT site in Melton Valley. The first
test run occurred in October 1954, and the ART was canceled in September 1957. The facilities of the
ART drained into a sump from which low-level waste was pumped into a retention pond. This pond was
excavated in the shae near Melton Branch about 300 yards (270 m) from the reactor building. No
provisions were made for the overflow of the pond, which has not been used since the 1950s (Coobs and
Giss, 1986).

The Tower Shidding Fecility (TSF). The origind Tower Shielding Reactor was completed in 1954 near
the Clinch River about 2 miles (3.2 km) from the main Laboratory. The origina reactor was replaced by a
second reactor in 1960 at the same site. An open pool 20 ft (6 m) square and 25 ft (7.6 m) deep and a
storage basin 24 ft by 8 ft by 12 ft deep (7.3 m ~ 24 m~ 3.6 m) served these reactors. Water circulates
through one of the reactors and returns to the pool, which periodicaly overflows downhill away from the
facility. A one-gallon sample is taken from the pool once a week for radiation analysis, and mud on the
hillsde is sampled when an overflow occurs. Sodium-24 and irradiated impurities comprise dmost al the
radioactive contamination in the water. Four 20,000-galon (76-m?) tanks are available at the TSF site for
contaminated water holdup if afuel element ruptures (Coobs and Gissel, 1986).

Central Fecility Reactors. In 1986, three reactors were operating at the central facility at ORNL: The
Oak Ridge Research Reactor, started in 1958 and shut down in July 1987; the Bulk Shielding Reactor,
completed in 1950; and the Pool Critical Assembly (PCA), which was a 10 kW nuclear assembly located
in the corner of the Oak Ridge Research Reactor pool. The three reactors had a common water
purification system and a common hest dissipation system.

The High Flux Isotope Reactor (HFIR). The High Flux Isotope Reactor, which was completed in 1966, is
located in Building 7900 in Melton Valey. The HFIR is a 100 MW pressurized light water reactor that
uses enriched uranium (93%) fuel. The HFIR's main purpose is the production of research quantities of
transplutonium elements.  Gaseous releases are discharged through the Bldg. 7911 stack, and liquid
effluents containing radionuclides are piped to the radioactive waste treatment facilities in Bethel Vdley
(Boyle et d., 1982). A retention pond at the HFIR facilities was part of the low-level waste system; this
has been used in the past to store activation products and is apparently till used at times (Coobs and
Gissd, 1986). The liquid was pumped from the pond after decay or settling of suspended radionuclides.
The HFIR was temporarily shut down in November 1986 because of concern regarding vessd
embrittlement and resumed operation at 85% of its origina power in 1990.

2.8 Solid Waste Burial Grounds (SWSAS)

Six solid waste burial grounds (also called solid waste storage areas or SWSAS) have been used at ORNL
since 1944 (Burch et d., 1972). These buria grounds were numbered consecutively in the order in which
they were first used (Figure 2.7, Table 2.4). Buria Grounds 1 and 2 were located for convenience near
the ORNL complex in Bethe Valey. Burid Ground 3 was located to the west, out of sight of the main
ORNL complex in Bethel Vadley. Burid Grounds 4, 5, and 6 were located in Melton Valley, which is
separated from Bethel Valley by Haw Ridge. During the operation of Burid Grounds 1, 2, and 3, waste
was placed into trenches and backfilled. Few historical records are available for these buria areas, and
records that were kept for burial grounds 3, 4, and 5 were accidentally destroyed by fire in 1961 (Webster,
1976).
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From 1955 to 1963, ORNL served as the Southern Regiona Buria Ground of the Atomic Energy
Commission. Solid waste from other sites such Argonne National Laboratory, Knolls Atomic Power
Laboratory, Mound Laboratories, Battelle Memoria Ingtitute, Generd Electric Company in Evansdale,
Ohio, and other off-gite installations contributed a large fraction of both the materia and the radioactivity
buried in ORNL’s solid waste disposal areas. Radioactive solid wastes from these sources occupied
approximately one-half of the buria ground space in 1959 (Browder, 1959). Compared to the liquid
wastes previoudy described, the solid wastes usualy contained minor quantities of radioactivity, probably
about 1% of the total disposed of at ORNL. Accurate determination of the curies handled was not
possible, because the wastes were nonuniform mixtures of many kinds of materials. Records for most
solid waste burial grounds are scant (Webster, 1976).

Table2.4 Solid Waste Burial Grounds, Periods of Operation and Sizes

L ocation/Name ODpaetr&;:tiogn Size: Acres Size: Hectares
Bethel Valley

Burid Ground 1 1944-1944 1 04

Buria Ground 2 1944-1946 3.6 15

Burid Ground 3 1946-1951 7 2.8
Melton Valley

Burid Ground 4 1951-1959 23 9.3

Buria Ground 5 1958-1973 33 133

Burial Ground 6 1973-present 70 283

Buriad Ground 1islocated at the foot of Haw Ridge at the edge of the Laboratory complex and is about 25
ft (8 m) south of White Oak Creek. Trenches were used to dispose of contaminated broken glassware
and other contaminated equipment. Reportedly, the burial ground was abandoned when water was found
in one of the trenches. Anaysis of water from one of the monitoring wells revealed a small quantity of
g (Duguid, 1975).

Burial Ground 2 covers about 2 to 3 (8,000-12,000 nf) acres close to the Graphite Reactor and the
chemical separation plant on the lower half of a hill located near the east entrance to ORNL. Webster
(1976) reported that solid waste was placed in black iron drums and buried in trenches. Liquid waste
contaminated by plutonium was put in stainless steel drums and either buried or stored in a ravine. In
addition, waste from an off-site source was buried and covered with concrete near the location of a
transformer station. In 1945, two shipments of off-site waste, heavily contaminated with polonium, were
buried under a concrete dab. SWSA 2 (Solid Waste Storage Area 2) was closed in 1946 because it was
considered to be incompatible with long-range land-use planning at the Laboratory. Following closure of
SWSA 2, the stainless stedl drums containing plutonium-contaminated liquid waste were transferred to
SWSA 3. In SWSA 2, beta and gamma waste buried in iron drums, which had deteriorated, was carefully
removed and reburied in SWSA 3. The hillside was backfilled and contoured between 1946 and 1949, and
SWSA 2 is currently neither fenced nor marked o that its location cannot be readily identified (Coobs and
Gissd, 1986).
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Buria Ground 3is about 0.6 miles (1 km) west of the west entrance to the Laboratory complex. Itisa
flat, forested area at the foot of Haw Ridge on the north side. The site was supposedly chosen because it
was close to the Laboratory yet out of sight. The buria ground became operationa in April 1946, athough
it had received "hot materia” from off-site waste producers prior to this date. The apha waste from
SWSA 2 was removed and encased in concrete in SWSA 3. In SWSA 3 trenches were cut paradlel to
each other across the width of the area, and alpha-contaminated waste and beta-gamma waste were
dumped into the trenches. Beta- and gamma-emitting wastes were buried in separate, unlined trenches
and backfilled with the excavated soil (Coobs and Gissdl, 1986).

A groundwater divide underlies the western part of the Burid Ground 3 site. Easterly ground water
movement enters a tributary of White Oak Creek. Western ground water movement is toward Raccoon
Creek. Surface runoff is directed to White Oak Creek via shallow drainage ditches. SWSA 3 was closed
in 1951 after about seven acres (28,000 nt) had been utilized. It is currently fenced and shows no sign of
erosion.

Buria Grounds 4, 5, and 6 were Situated in Melton Valley based on a recommendation by Professor P. B.
Stockdale, Head of the Department of Geology and Geography at the University of Tennessee, Knoxuville.
After studying the geology and hydrology of the X-10 site, Stockdale (1951) recommended that al future
contaminated solid waste be buried in the Conasauga shale belt of Melton Valey to prevent the
contamination of the limestone in Bethel Valley, which seemed inevitable if waste were buried there.

Buria Ground 4 was opened in 1951 at the foot of Haw Ridge along Lagoon Road and near the flood plain
of White Oak Creek. The site recommended by Stockdale was northwest of the lower end of White Oak
Lake; but, apparently, because of the closeness to the Laboratory and because it was underlain by
Conasauga shale, the site at the foot of Haw Ridge was selected. "Higher-level" waste and some "specid
high-level" waste were placed in auger holes 1 to 2 feet (0.3-0.6 m) in diameter and approximately 15 feet
(4.6 m) deep (Lomenick and Cowser, 1961). Although records are not readily available, in 1957 and 1958
approximately 7,300 n? (255,000 ft*) and 9,500 n? (336,000 ft®), respectively, were reportedly buried in
SWSA 4. During this time ORNL produced approximately 50% of the waste, while other Oak Ridge
ingdlations and off-site generators contributed the remainder. Argonne National Laboratory, Knolls
Atomic Power Laboratory, Mound Laboratory, and the General Electric Company of Evansdde, Ohio,
were the principal off-site shippers, but over 50 agencies aso used SWSA 4 (Lomenick and Cowser,
1961). Subsequent to closure of the 23-acre (93,000-m?) site in 1959, much of the site was covered by
uncontaminated fill, which raised the land surface as much as 20 feet (6 m) in that area and also raised the
groundwater level.

Both alpha and beta activity were found in water discharged from seeps originating from SWSA4. White
Oak Creek samples taken above and below the buria ground showed that the radionuclide load originating
from this burial ground was comparatively small compared to the radiochemical effluents discharged from
the Laboratory.

Burial Ground 5consists of two sections on the hillside east of the confluence of Melton Branch and
White Oak Creek. The South Area of SWSA 5 contains most of the buried waste and more closely fitted
the criteria that had been developed for a solid waste disposal site. The North Area of SWSA 5 was
appended later to provide retrievable storage of certain fissle alpha waste. Detailed geologic and
hydrologic investigations were conducted on the site. SWSA 5 was used for the disposal of al types of
wastes starting in 1958; however, by far the largest volume of materia was generd radioactive waste,
which was buried in trenches in “semi-retrievable’ form (Duguid et d., 1977). Alpha-containing wastes
were inserted in the lower part of the area of "undefined trenches' and capped with concrete, whereas
beta-gamma contaminated wastes were smply covered with weathered shale previously removed by the
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excavation. Auger holes were used for disposal of higher level wastes and certain less hazardous
materias to better utilize all suitable land.

Both groundwater and surface water drainage from SWSA 5 are predominantly southeast toward Melton
Branch with some southwest movement toward White Oak Creek. As a result, most of the radionuclide
transport by surface water is monitored at the Melton Branch Station. Water collected from seeps from
SWSA 5 in 1974 indicated that *°Sr and ®H were principal contaminants. Several thousand curies of *H,
believed to have originated in groundwater from SWSA 5, pass the Meton Branch monitoring station
annudly (Webster, 1976).

All the retrievable waste is located in SWSA 5, including above-ground storage. The appreciable decline
in the volume by 1963 was caused by the discontinuation of this site as the Southern Regiona Storage
Area. SWSA 5 was closed in 1973.

Burid Ground 6 is located immediately northwest of White Oak Lake on a wooded hillsde and is
approximately 70 (280,000 nf) acres in size. The hydrology of the site was generally similar to that of
Buria Ground 5. The first waste was buried a the site in 1969, athough it did not become the principal
burial gte for Laboratory waste until 1973, when SWSA 5 was closed. Surface runoff from the SWSA 6
site drains directly to White Oak Lake or to short drainages that discharge into White Oak Lake.

Trenches on the hillside, generaly in series of 30 to 42, were excavated where the water tableis 10 to 15
feet (3to 4.5 m) below the land surface during its seasonal high.

2.9 Tritium Releases from Seepage of the Burial Grounds

The principal radionuclides involved in groundwater seepage from the ORNL buria grounds since the
early 1960s are *H and *Sr (Duguid et &., 1977). Tritium has been observed at White Oak Dam for
many years. Starting in 1967 there was a dramatic increase in the quantity of tritium released into White
Oak Creek due to shipments of material received from Mound Laboratory prior to 1967. The waste had
been disposed of in SWSA 5, and the bulk of the tritium was discharged from there. Approximately 90%
of the tritium released to White Oak Creek was monitored at the Melton Branch station above the
confluence with White Oak Creek. Most of the *°Sr also was discharged from SWSA 5 and monitored at
the same station on Melton Branch.

2.10 Meéelton Valley Hydrofracture Facilities

In December 1966, hydrofracturing was selected instead of waste pits & the method for disposing of
intermediate-level liquid waste. In the hydrofracturing process, hydraulic pressure was used to initiate the
formation of a crack between the layers of shale (Figure 2.8). An adkaine intermediate-level waste
solution was mixed with a solid blend composed of cement and other additives; this mixture was injected
under pressure into the crack in the impermeable shale formation at a depth between 700 and 1,000 ft (200
to 300 m). As the injection continued, the groundwater contamination originating from the hydrofracture
operations (Ohnesorge, 1986; USDOE, 1988).
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Figure 2.8 A drawing of the Oak Ridge National Laboratory’s hydrofracture plant located in
Melton Valley.
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2.11 Monitoring History for Releases of Liquid Radioactive Wastes
2.11.1 Settling Basin

To monitor the radioactivity released from the Settling Basin into White Oak Creek, the tota volumetric
discharge to White Oak Creek had to be measured and a representative sample collected and analyzed for
radioactivity. Prior to 1948 the Settling Basin was grab-sampled periodicaly. From 1948 to 1950 the
Settling Basin was gra-sampled every four hours during the work week. Flow measurements were made
a the inflow to the Settling Basin by means of a v-notch weir and a head-height measuring device.
Beginning in November 1950, flow measurements were made by a single 900 v-notch weir in conjunction
with a standard stilling well and Stevens water level or head recorder. A trebler proportional sampler was
ingtaled in the weir box; this sampler was equipped with arevolving dipper to collect a volume proportional

to the flow through the weir at the time of each dipping and with atimer to limit the dips per hour.

2.11.2 White Oak Dam

Starting in 1944, water leaving White Oak Dam was sampled once a day during the work week by taking
an 8.gd (0.03-m°) grab sample. More frequent samples were taken when significant changes in activity
were anticipated (Feige et al., 1960). About 140 mL of each daily sample, collected from the Settling
Basin and White Oak Dam, were composited separately into monthly samples. The composited samples
were evaporated and the gross beta activity determined for each location.

The methods and frequency of sampling the water discharged from White Oak Dam have changed over
the years. From September 1944 to February 1945, monthly determinations were made of the average
digtribution of fisson products in the water leaving White Oak Lake (Morgan and Western, 1947). The
analyses were made by the Analytical Section of ORNL on a composite sample accumulated during the
month. The method included separation of the principa long-lived fission products, evaporation to dryness,
and measurement of the beta activities of the separate eements. Routine monthly analyses of individual
elements were discontinued in January 1945, because the concentrations of individua € ements were too
low for accurate measurements and the concentrations of strontium and barium were considered below
levels that could congtitute individual hazards from ingestion. Subsequently, monthly samples were
counted for gross beta activity only. However, an analysis of individua fisson products was made if there
was an anomoloudy high gross beta count.

In 1949 improved radiochemica analyss techniques enabled reporting of individua radionuclide
concentrations (Struxness et al., 1967). Radiochemica separation was performed on the monthly
composite samples; the samples were analyzed for the trivalent rare earths and isotopes of ruthenium,
zirconium, niobium, cesum, strontium, iodine, barium, and cobalt. Cerium was extracted from a trivalent
rare earth sample, and a beta absorption measurement was made for 2°Sr and *°Sr. Analysis of **!| began
in 1948 or 1949, but presumably on a weekly basis because of its short physica haf-life (8.05 days).
Andyses of monthly composites for cobalt were started by 1955, and for tritium by 1964 (Webster, 1976).

After 1949 “highly” radioactive waste was not deliberately dispersed into the uncontrolled environment
(i.e., White Oak Creek) (Feige et d., 1960). Prior to 1949, however, the supernatant from the Gunite
storage tanks was mixed with the Laboratory's process waste waters and discharged through White Oak
Creek. However, White Oak Lake inflow radioactivity measurements did not match outflow radioactivity
measurements, and from 1954 to 1960 more curies left White Oak Dam than could be accounted for by
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the inflow from the Settling Basin (Feige et d., 1960). According to Feige et d. (1960) the monthly
sample did not represent the average monthly activity released from White Oak Dam because a constant
sample volume was set aside each day for a composite radioactivity anaysis, without regard to variation in
volumetric discharge rates. The method discriminated against days of higher flow when large amounts of
activity were discharged through White Oak Dam.

Prior to the draining of White Oak Lake in October 1955, a gauging station at the dam was used to
measure flow rates. For about four years after the lake was drained, the flow from White Oak Dam was
estimated by summing the discharges at stream flow stations on White Oak Creek below ORNL and on
Melton Branch and by using an adjustment factor of 1.16 to compensate for the local inflow downstream
(Struxness, 1962). Grab-sampling at the dam continued during this period to measure the radioactivity in
the water.

During June 1958, a continuous, nonproportional sampler, a scintillation probe to measure gross beta
counts, and a remote recorder were installed at White Oak Dam. Daily gross beta determinations of the
Settling Basin effluent fluctuated from 30 to 3000 counts/minute/milliliter and at White Oak Dam from 2 to
200 countgminute/milliliter. These fluctuations introduce a high degree of uncertainty in the results
obtained by the gral-sampling method. The number of curies of individua radionuclides released per year
was derived by multiplying the yearly discharged quantity of gross beta activity (determined by laboratory
anaysis) by the percentage of activity for each radionuclide found in the monthly composite samples. This
caculation continued to be inaccurate because the dailly samples were not collected in volumes
proportiond to the daily flow, i.e., a constant amount of each daily grab sample (140 mL) was included in
the monthly composite sample (Struxness, 1962).

The nonproportional sampler was replaced in 1960 with a continuous proportional flow monitor that took
samples in proportion to discharge (Webster, 1976). These composite samples were collected weekly and
analyzed for gross beta activity to evaluate the gross concentration of radioactivity enterin% the Clinch
River. The samples were also analyzed for transuranic apha emitters, total strontium, and ***. Monthly
composites, made from portions of the weekly samples, were analyzed for gross beta, *Sr, *11, 2*'Cs,
1962u, ®Co, tritium, and transuranic radionuclides. From Nov. 13, 1960, to Dec. 1, 1962, a continuous,
daily, automatic collection of water in proportion to the flow was made at White Oak Dam (Struxness et
a., 1967).

According to Duguid et a. (1977), the maximum measurable discharges at monitoring stations 3, 4, and 5
(White Oak Creek, Melton Branch, and White Oak Dam, respectively) at the time were 50 cfs, 19 cfs,
and 150 cfs (1.4, 0.5, and 4.2 n? s, respectively. When stream flows exceeded these values at the
respective sites, water flowed over the tops of the stations' weirs, and no reliable record of flow rates or
volumes was obtained; furthermore, proportionaity of collected samples was lost. Although discharges
exceeded measuring capacities at these stations for only a small percentage of the time each year,
abundant evidence indicates that a disproportionately large volume of water and sediment were
transported during times of high flow volumes. Because radionuclides are transported in the water and in
association with sediment, records of contaminant transport and release for these periods of high discharge
will have larger uncertainties than data from lower flow periods.

Errors could have been introduced into the measurements of radionuclides under high-flow conditions in
three ways. (1) sample volumes were no longer proportiona to discharge when flows were sufficiently
large to go over the top of the weirs; (2) sediment in the sample could have been unrepresentative of the
type and quantity of the sediment in the discharge; and (3) subtle changes in the characteristics of the
weirs and backwater areas could have occurred that might have caused welr ratings to lose their validity.
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2.12 Summary

Section 2 of this report has described the historical management of liquid radioactive wastes at the X-10
Ste, historical releases of radioactive liquid wastes past White Oak Dam to the Clinch River, and the
associated monitoring practices.  This information was used in the estimation of yearly releases of
radionuclides to the Clinch River (Section 5). Three periods in particular were identified as contributing
large uncertainties to release estimates. (1) 1944-1948, when only gross beta counts were reported; (2)
1956-1959, when White Oak Lake was drained; and (3) 1959-1963, when large quantities of *®Ru seeped
from the waste disposal pits.
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3.0 PRELIMINARY SCREENING ANALYSS FOR RADIONUCLIDES IN CLINCH
RIVER WATER AND SEDIMENTS

Task 4 of the Oak Ridge Dose Recongtruction is charged with evauating the impacts of dl radionuclides
released off-gte from the Oak Ridge Nationd Laboratory viaWhite Oak Lake and White Oak Creek to
the Clinch River. In February 1996, a conservative screening analyss was conducted for these
radionuclides to identify any radionuclides or exposure pathways for which the dose or risk to off-ste
individuas was clearly below aleve of concern warranting further detailled sudy. The purpose of this
screening anadlysiswasto focusthe detailed risk assessment, described in therest of thisreport, on the most
important radionuclides and exposure pathways. Detailed study for contaminantswhose presenceisdearly
below aminimum level of concern (Section 3.1.6) is not warranted, as further investigation is expected to
show that the risk to any actud individua would have been much less than that caculated during the
conservative screening andyss (Thiessen et d., 1996). The designation of a low priority to these
radionuclides or exposure pathway's permitted Task 4 resourcesto be focused on those Situationsthat were
most important in terms of dose or risk to exposed off-Steindividuas or populations. Radionuclidesand
pathways with a screening index above the guide have been investigated in more detall in later stages of
Task 4; these analyses, including preliminary uncertainty andyses of doses and risks, are described in
Sections 4-15 of this report.

3.1 Methodology for Screening

Theintent of the conservative screening cal cul ations described in this section wasto produce screening-led
estimates of risk to specified target individuds that are not likely to be underestimates of the actud risk to
any exposed individud. 1n other words, the cal culated screening index (aconservatively biased estimate of
lifetime risk to the mogt at-risk individua) for each radionuclide or exposure pathway is expected to bean
overesimate for mogt or dl red individuds. The target individuds (assessment endpoint), exposure
assumptions, and parameter val ueswere chosen with this purposein mind. Thefollowing sectionsdescribe
the assessment endpoint, the contaminants and exposure pathwaysinduded inthe andys's, the estimation of
contaminant concentrationsin water and sediment, and the selection of the decison guide. The equations
used for screening-level estimation of risk are provided in Appendix 3A, and the estimated radionuclide
concentrationsin water and sediment and the various parameter values are provided in Appendix 3B. The
results of the screening analysis--the screening indices for each radionuclide and exposure pathway and the
comparison of the screening indiceswith the decison guide- - are presented in summary formin Section 3.2.

3.1.1 Assessment Endpoint

Clinch River Mile (CRM) 20.8 near Jones Idand (where White Oak Creek emptiesinto the Clinch River)
was chosen as the nearest location where potentia exposures could have occurred to individuds living
outsde the Oak Ridge Reservation. Jones|dand isthe closest site to the mouth of White Oak Creek with
documented human exposure. Beginning in October 1962 and ending in June 1963, the river channel

adjacent to Jones and Grubb Idands was dredged to improve the channd for river transportation, and the
spoilswere placed on bothidands. The dredged materia was deposited at the head of Jonesldand and, as
the operation progressed, on the north side of the idand (Morton, 1965). Anindividud at this Ste could
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have received the maximum exposurethrough dl pathways consdered in this screening analysis because (1)
thisis the Ste nearest White Oak Creek with redligtic potentia for off-Ste exposure, and (2) higher water
and sediment concentrations would be present here than downstream.

For all radionudlides with the exception of **!1, the target individua for this analysisis defined as an adult
who was exposed continuously from 1944 to 1991. Because the risk from **!l ismainly associated with
exposures in childhood, a child is used as the target individua of the screening assessment for 3.
Parameter values (e.g., ingestion rates) were selected that are not expected to lead to an underestimate of
risk to any real person (see Section 3.1.4).

3.1.2 Contaminants to be Screened

Available evidenceindicatesthat the following radionudlides have been released to the Clinch River: 2Am,
14°Ba, 144Ce, GOCO, 137CS, 154Eu, SH’ 131 ’ 1401 a BN b, 147 d, SZP, 147Pm, 143Pr, 239’24°Pu, lOGRu’ 1513n, 898.’
05y, 22Th, 22U, 28U, 1Y, and *Zr. The screening analysis was based on preliminary (February 1996)
esimates of the amounts of these radionuclides released to the Clinch River. (The release estimates
described in Section 5 were completed in late 1997 and reflect consderably more detailed study.)
Prdiminary rdease estimates for 22Th, #°U, U, and the transuranium dements (TRUs, **Am and
239240p) and for seven trivaent rare earths (TRE; **Eu, *°La, *'Nd, **’Pm, **Pr, ***Sm, and **Y) did not
include isotopic breskdowns of these releases. Therefore, for screening purposes, the vaues labeed
“TRU” (induding #*Th, #°U, 28U, *"Am, and ®¥?*Py) or “TRE” were used for each of the
corresponding isotopes. In other words, for each isotope in turn, the TRU or TRE rel ease estimate was
conservatively assumed to consst entirely of the oneisotope. A more detailed isotopic breakdown was
later used for the screening estimates of ***Eu and **’La.

3.1.3 Edimation of Water and Sediment Concentrations

Preiminary estimates of the amounts of each radionuclide released from White Oak Lake each year were
obtained from documentation of reported releases (e.g., Ohnesorge, 1986). Information frominterviews
(e.g., Harold Abee and Woody Cottrell) and literature searches indicated that the historic monitoring of
radionuclide releases from White Oak L ake wasinadequate and that documentation was fragmented. For
example, in the early years, the flow rates across White Oak Dam were not measured during high flows,
when the greatest releases occurred. Based on the interviews and on sediment measurements madein the
White Oak Creek embayment below White Oak Dam, the highest redlistic vaues for the releases over
White Oak Dam were estimated to have been as much as afactor of 3 greater than the reported release
edimates. Asaresult, the values used in this analysis for the amount of each radionuclide released over
White Oak Dam in a given year were a factor of 3 greater than the total release estimate for that year
documented from monitoring practices. These release estimates were intended to produce conservative
estimates of water and sediment concentrations at the location of concern; in other words, they were not
expected to lead to underestimates of exposure, but aso were not thought to be unredigticaly high.
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For the TRUs and TREs, the upper-bound estimate of the release for each group was used for each

radionuclidein the group. Sinceinitia screening estimates, using very conservative assumptions, indicated
that *>*Eu and **°La could have posed a problem for the shordline pathway, the component of the total

TREs that was actualy ™*Eu and **°La was determined for the results presented here.

The upper-bound rd ease estimates for each contaminant for each year aretabulated in Appendix 3B. These
values were used as gtarting points for modeling of water and sediment concentrations for each year a
CRM 20.8; the model ed concentrations of radionuclidesin water and sediment for each year at CRM 20.8
(Appendix 3B) were usad in the actua screening calculations. The models and assumptions used to
produce these concentrations are described in Sections 3.1.3.1 through 3.1.3.3. Radionuclide-specific
parameter vaues|e.g., radioactive decay constants, screening-level bioaccumulationfactors, and screening-
leve digribution coefficients (K 4 vaues)] are summarized in Appendix 3B.

3.1.3.1 Models Used for Estimation of Annual Average Radionuclide Concentrationsin Water and
Sediment

Theprimary modd utilized in the present screening analysswasamodified verson of MICHRIV (Deloset
da., 1984); thismodd was modified to incorporate sediment input parameters obtained from an additiona

mode, HEC-6-R (U.S. Army Corps, 1993). MICHRIV was sdlected as the primary screening tool

becauseit describes both the physica and the chemical processesthat determine radionuclidetransport and
fate in the sediment bed as well as in the water column. The principle caculations of the modd were
recorded in a spreadsheet (heresfter referred to as MICHRIV/SS). The disadvantage of MICHRIV isits
inability to smulate sediment dynamicsfor multiple years. Thislimitation was overcome by using sediment
data generated for the study area by a more sophisticated model (HEC-6-R) as an input varigble and
summing the net sediment flux (either depogition or scour) and its sorbed radionuclide concentration from
year to year for the period 1944- 1991. The customized MICHRIV/SS model was used to calculate water
and sediment concentrations a CRM 20.8 for | radionuclides (tabulated in Appendix 3B).

3.1.3.2 Assumptions for Estimation of Water Concentrations

Concentrations of radionuclides in water a&¢ CRM 20.8 (Jones Idand) were calculated based on the
assumption of complete mixing inthewater column. Thisassumption should not lead to an underestimation
of actud water concentrations because of the influence of therma sratification, which occurs when the
warmer White Oak Creek water flows on top of the colder Clinch River water. If the radioactive release
did reach theidand, for example, under low flow conditions, the contaminant would be on top of the colder
water; any withdrawa of water or sediment ismost likely to have comefrom theriver bottom, whichwould
have alower leve of contamination. Assumption of complete mixing thus resultsin consarvative estimates
of deep water and sediment concentrations.

A second assumption used was that no filtration of the water took place and that no process, other than
dilution, reduced the radionuclide concentration in water. 1n addition, the distribution coefficient (K ) that
describesthe partitioning of thetotal radionuclide concentration into the adsorbed fraction (on particul ates)
and the dissolved fractionwasset to 1 L kg*. Thismeanstheat for the cal culation of water concentrations, it
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was consarvatively assumed that radionuclides were not removed from the water column or deposited into
the sediment bed.

3.1.3.3 Assumptions for Estimation of Sediment Concentrations

For estimating sediment concentrations, it was assumed that radionuclides were digpersed into the Clinch
River at the time they went over White Oak dam. Thisis a reasonable assumption for radionuclides that
stay in the water column (i.e,, dissolved). It is a conservetive assumption for radionuclides that are
adsorbed to sediment because they may remain trapped in White Oak Creek embayment, sometimes for
years, to be washed out during storm events. For example, the scouring of the embayment during 1956-57
iswell documented (Blaylock et d., 1993). The assumption of immediate digpersion into the Clinch is
conservativefor estimation of sediment concentrations because radioactive decay that occursin White Oak
Creek embayment is thus discounted (Browder, 1959).

For cdculation of sediment concentrations, the radionuclides were assumed to be evenly digtributed
throughout the sudy area. This conservative approach islikely to overestimate radionuclide deposition in
thelaterd direction (i.e., aong the shordine where human exposure is more likely to occur) because actua
deposition occurs primarily in the degp river channel. Inaddition, the screening level distribution coefficient
(i.e, the Ky value) was set to the maximum reported vaue for each radionuclide. This means that for
cdculation of sediment concentrations, the maximum amount was conservetively assumed to have been
sorbed onto particulate matter. In addition, it was conservetively assumed that noloss of activity occurred
due to deep burid in the sediment bed.

3.1.4 Exposure Pathways Included in the Anayss

Thefollowing scenarios were eva uated in the consarvative screening analysis. ingestion of drinking weter,
ingestion of fish, svimming (including immersion and inadvertent ingestion of river water), externd exposure
to shordine sediments, dredging (including externa exposure, ingestion of beef, ingestion of milk, and
ingestion of vegetables), and irrigation (including ingestion of contaminated peaches). Thesepathwayswere
considered important routes of potential exposure because evidence suggested that they dl represented
opportunitiesfor actua historical exposuresof the public. Each pathway is discussed separatdly below; all
exposure parameterswith rationaesfor their selection are summarized in Appendix 3B. Thediscussonsin
this section are based on the information available to the project team in February 1996 and do not
necessaxily reflect the detailed studies described in later sections of this report.

3.1.4.1 Ingestion of Drinking Water

Although drinking water intakes are located on the Clinch River downstream from White Ok Dam, there
has been no documented drinking water usage near Jones Idand. Because higher water concentrationsare
expected nearer Jones |dand than at the downstream water intakes, the screening andysisfor this pathway
was basad on very conservative estimates of water concentrations. Thetotal radionuclide screeningindices
for each radionuclide for the drinking water pathway were obtained by summing the estimated screening
indices of excess lifetime cancer risk caculated for annua exposures from 1944 through 1991. This
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represents a tota effective exposure duration of 48 years. In addition, the sreening indices were
determined by assuming that the maximally exposed individua consumed 2.2 L d™ of water, haf of which
was drawn from theriver (unfiltered). The dope factors (SFs; excesslifetimerisk of cancer incidence per
Bq) were obtained from the Health Effects Assessment Summary Tables (HEAST; USEPA, 1995), with
the exception of **!1; the values are provided in Appendix 3B. For the screening-level estimation of therisk
from 341, an ingestion dope factor was selected that represents a screening-level risk of excess thyroid
cancer incidence for a child (the mogt at-risk individua; Apostoael et d., 1995).

3.1.4.2 Ingestion of Fish

The ingestion of fish is thought to have provided a dominant route of exposure to the public. Evidence
indicates that fishermen utilized awide portion of the Clinch River and the Waits Bar Reservoir and that
commercid fishing took place in the Wetts Bar Reservoir and to alimited extent on the lower end of the
Clinch River, which converges with the Tennessee River andis part of the Reservoir (Martinet d., 1964).

To provide a conservative estimate of the concentration of each radionuclide in fish, the upper-bound
(screening-level) water concentrationswere multiplied by aconservative (screening-level) bioaccumulaion
factor (IAEA, 1994). The target individual was assumed to have esten an average of 30 g d*, 80% of
which was assumed to be from the Clinch River. The same ingestion dope factors were used for fish
ingestion as for ingestion of drinking weter. Thetota radionuclide screening indices for each radionuclide
for this pathway were obtained by summing the estimated screening indices of excess lifetime cancer risk
caculated for annua exposures from 1944 through 1991.

3.1.4.3 External Exposure to Shoreline Sediment

Fishermen (recreational or commercid), swimmers, campers, and hikers could have been exposed to
contaminated sediment along the shoreline of the Clinch River. For determination of screening indices for
this pathway, two scenarioswere used o that the effects of shidding by thewater could be considered: (1)
exposure during the part of the year when the shorelineis mostly covered (shielded) by theriver water, and
(2) exposure during the part of the year when the shoreline sediment isnot covered. During thewinter and
soring, the water level isvery low relative to the summer and fal levels because of drawdown of the Waits
Bar reservoir for flood control purposes. In the summer and fal, the water covers most of the shordline
sediment, but in the winter and spring, the shordine sediment is exposed. The highest potentid rate of
exposure thuswould normaly occur inthewinter and spring. A person can fish standing on the sediment in
the winter and spring but musgt fish from the bark in the summer and fall. However, even though the highest
rates of exposure would have occurred in the winter and spring, people are not fishing or hiking as often
during these times of year. The rationades for the values selected for exposure frequency to the shoreline
sediment are presented in Appendix 3B. Dosefactorsfor externa exposureto surface-leve sediment were
obtained from the U.S. Environmental Protection Agency’s Federal Guidance Report No. 12 (USEPA,
1993) and are listed for each radionuclide in Appendix 3B.
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3.1.4.4 Svimming (Immersion and I nadvertent Consumption of Water)

The screening indicesfor the swimming scenario were estimated by summing the screening index based on
excess lifetime cancer risk from externd exposure (from immersion) and the screening index based on
excess lifetime cancer risk from inadvertent ingestion of Clinch River water while svimming. For this
scenario, it was conservatively assumed that aperson swam in theriver downstream from White Oak Dam
approximately 4 hours per day for about 4 months of the year. In addition, inadvertent ingestion of river
water was assumed to have been about 0.05 L hr™* spent svimming. Dose factors for externa exposure
fromimmersoninwater were obtained from the U.S. Environmental Protection Agency’ sFederd Guidance
Report No. 12 (USEPA, 1993), and radionuclide SFsfor ingestion were obtained as described in Section
3.14.1. Thesevauesare summarized in Appendix 3B.

3.1.4.5 Dredging Scenario

This scenario, which includes severa exposure pathways, was analyzed to estimate the effects of historica
dredging of deep sedimentsthat occurred near Jonesldand. A navigation lock was congtructed as part of
Médton Hill Dam to improve navigation aong the Clinch River (Morton, 1965). To further facilitete
navigationad use, channd improvements dong the Clinch River were dso carried out. The channel
improvements involved the remova of bottom sediments viaether a hydraulic dredge or adipper dredge.
The dredged materia was deposited onto nearby land in spoil banks or beds. The Jones Idand areawas
dredged in May 1963; Jones |dand was used as the depository for materia dredged between CRM 19.5
and 20.8. All dredging activities were completed in June 1963 (Morton, 1965).

The Jones Idand dredging wasiinitiated a the head of theidand. Asthe dredging operation moved along
the idand, the deposition of spoils dso moved down theidand. The spoils were deposited in ponds that
had been excavated on the north side of theidand and &t the lower end of theidand. Even though most
documentation suggests that the spoils were placed primarily on one end of theidand, it was assumed for
this screening level andlysis that the dredged spoils were placed uniformly across the entire idand. This
assumption leadsto very conservative estimates of exposure for the purposes of thisscreening andysis. In
addition, it was assumed that dredging occurred once; therefore, the screening indices were estimated by
integrating over 30 years (1963 to present day).

The following pathways were included for the dredging scenario: (1) externd exposure to humans, (2)
ingestion of vegetables grown on Jones|dand; (3) ingestion of beef raised on Jones|dand; and (4) ingestion
of milk from cows kept on Jones Idand. Evidence indicates that beef cattle were raised on Jones Idand
and that the cattle used river water directly as their source of drinking water. Therefore, the exposure
estimate for beef and dairy cows kept on Jones Idand had three different consumptioninputs: contaminated
s0il, pasture grown on contaminated soil, and contaminated drinking water. Thetota radionuclide screening
indices for ingestion of milk and beef were estimated by summing the integrated screening indices for the
dredged sediment pathway's (ingestion of contaminated soil and contaminated pasture by the cows) and the
summed screening indices obtained for annua screening-level estimates of exposures from consumption of
milk or beef from cows drinking contaminated river water.
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3.1.4.6 Irrigation Scenario

During the period 1950- 1955, irrigation with water from the Tennessee River was significantly increased
(Morton, 1965). However, according to census information, Roane County, which has farming tracts on
both the Clinch and Tennessee Rivers, had only 6 farmsirrigating 39 acres of land in 1954, and 5 farms
irrigating 13 acresin 1959 (TVA, 1963). In 1965, crop irrigation aong the Clinch River was nonexistent,
and there was limited irrigation dong the Tennessee River downstream from Oak Ridge (Zirkle, persona
communication with C. Lewis, 1996). Since someirrigation with Clinch River water was conducted near
the Kingston Steam Plant, theirrigation pathway was examined in this consarvative screening analyss. The
rationae for each of the parameters used in this scenario is included in Appendix 3B.

3.1.5 Specific-Activity Cdculation for Tritium

The screening calculation for tritium (*H) was based on aspecific-activity approach (IAEA, in preparation)
to account for the variety of chemica compounds and corresponding potential exposure pathwaysthat can
include tritium. This model is expected to give a consarvative dose estimate based on an assumption of
complete equilibrium between the exposed individua and the specific activity of °H intheenvironment. The
basic equations used for the calculation are

D™= [(Ca™ ) + (Cw™ *fw)] 9
and

9 RE} 3 = D™ XRCF, summed over al years
where

D™ isthe dose rate (Sv y*) for *H to the whole body of amaximally exposed individud;
Ca™ is the steadly- state concentration of *H in atmospheric water vapor (BqL™) a thelocation

of interest resulting from atmospheric relesses (a function of the concentration of *H inair
and the absolute humidity of the atmosphere at the specified location);

fa isthefraction of total water intake derived from atmospheric water vapor a thelocation of
interest (through dl pathways, including inhaation and ingestion of foods produced at that
location);

Cw™ is the steady-state concentration of *H in water (Bq L™) resulting from releases to the
aquatic environment;

fw is the fraction of total water intake derived from the contaminated water source a the

location of interest (through al pathways, including ingestion of drinking weter, foods
irrigated with contaminated water, or products from animas that drank contaminated
water);
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g is the dose rate conversion factor (Sv y* per Bq L™ of human body water content);

S RE,: isthe screening-leve risk estimate for exposure to tritium; and
RCF isarisk converson factor (risk Sv™).

The present analysis dedlt only with aguatic releases of tritium; therefore C,™ was considered to be 0 and
the vadue of fo was not important. The yearly vdues for Cy,\™ are liged in Table 3B-5; fyw was
conservatively set a 0.75, corresponding gpproximately to the assumptions used for other radionuclidesin
thisandysisintermsof the consumption of river water or of food products affected by theriver water. The
dose rate factor g for *H is2.6 " 10® Sv y* per BqL™* (NCRP, 1979). A value of 0.073 Sv* (ICRP,
1990) was used for the risk conversion factor (Table 3B-1).

Based on these equations and parameter values, ascreening index of 8.7 10° was obtained for °H. This
screening index represents a conservative estimate of the risk from al exposure pathways originating from
the contaminated river water; values for *H corresponding to the pathway-specific screening indices
cdculated for the other radionuclides in this andysis would be lower.

3.1.6 Useof aDecison Guide

A decision guide of 10” lifetime risk of excess cancer incidence was used in this screening andysis. This
level isafactor of 10 lower than the ORHASP s current decision guide of 10 lifetime cancer risk (Thiessen
et a., 1996). A vaue of 10° was used because each radionuclide was compared to the decision guide
independently for each exposure pathway. Using the more conservetive decision guide for the screening
analyssresults in high confidence that the radionuclides assigned low priority for apathway do not in fact
contribute significantly to the overdl dose or risk for that pathway.

For this screening andysis, each screening index was compared to the 10” decision guide as follows:

C If the screening index for an individua radionuclide and pathway was clearly below the decison
guide, further study of the contaminant for that pathway was deferred until such time as resources
permit further andyss. Thelogicisasfalows If themaximaly exposed target individua hasalow
screening index for acontaminant (i.e., the screening estimate of risk for that contaminant is below
the decison guide), then the true but unknown risk to members of the generd population is
expected to be even lower. Continued expenditure of time and resources for evaluation of that
particular contaminant for a given exposure pathway is not justified as long as there are more
important Situations to be studied.

C If the screening index for agiven radionuclide and pathway was at or above the decision guide, the
radionuclide was evaluated in more detail for that pathway in the next phase of Task 4 (later
sections of this report).
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3.2 Reaultsof the Screening Analysis

The screening cal culationswere based on generic equationsfor cal culation of doseand risk (Appendix 3A);
the effects of radioactive decay and of exposure and release duration were included. The caculations
included dl pathways expected to be significant and for which available evidence (a the time of the
screening analysis) indicated that the pathway occurred or could have occurred higtorically.

Parameter vauesfor contaminant-independent parameters, with rationdesfor their selection, are provided
in Appendix 3B (Table 3B.1). Parameters which depend on the specific contaminant or the Site-specific
Stuation are aso presented in Appendix 3B (Tables 3B.2, 3B.3, 3B.4, and 3B.5). These contaminant-
specific parametersincludetoxicity values, radionuclide decay congtants, transfer factors, bioaccumulation
factors, and distribution coefficients. The last three parameter types listed consst of screening-leve (i.e,
consarvative) vaues, based on the information available at the time of the andysis.

The results of the consarvative screening analysis are presented in Table 3.1. These screening values
represent conservative estimates of excesslifetimerisk of cancer incidencefrom an exposure duration equa
to the number of yearsof historical releases. The contaminantsand pathwayswith ascreening index above
10" have been anayzed in more detail in the remaining sections of the Task 4 report. The radionudlidesthat
were andyzed further are summarized in Table 3.2.

Based on the results of the conservative screening andysis, the swvimming scenario wasgiven alow priority
for further sudy. Furthermore, because the conservetive screening anadlysis of theirrigation scenario did not
produce a screening value above 1 107 lifetime risk and the only produce irrigated was peaches (for
approximatdy 3 months per yesar), this pathway was not consdered for further study. In addition, sixteen
radionudlides were assigned low priority for further effort in this task: *P, **Eu, **°La, *Ba, #Sr, v,
147 d, 143Pr, 3H, 235U, 238U, 239’24°Pu, 232Th, 241 Am, 147Pm, and 9. Of the remaining 6 ght radionudiides,
137Cs, ®Co, ®Ru, and *Sr were expected to be the most important, with 2!, **Ce, *2Zr, and *Nb
providing smaller contributions to doses and risks.

All pathways that involved direct ingestion of contaminated food or water resulted in ascreening index for
131 above the 10° decision guide applied in this andyss. The equations for most of the radionudides
identified in the milk and beef ingestion pathway did not contain a term to account for the decay of
radionuclides between harvest and consumption of milk or beef, resulting in further conservatiam in the
estimate. However, adecay term was used for **!| for the beef pathway. The screening index for > from
ingestion of beef was below the 10° decision guide. However, *'I exposures from other pathways are
examined in more detall in later sections of this report.
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Table 3.1 Conservative screening indices for radionuclidesin the Clinch River’,

External: I ngestion
Drinking Fish External: Dredged Ingestion Ingestion of
| sotope Water Ingestion Shoreline Swimming Sediment  of Beef of Milk Vegetables Irrigation
Cs137 o92E-062 40E-04 8OE-03 76E-O7 16E-03 59E-03 57E-03 56E-04 3.2E-08
Ru-106  7.7E-05 17E-05 11E-03 52E-06 45E-05 16E-04 44E-07 58E-05 12E-08
Sr-90 25E-05 33E-05 71E-05 15E06 98E-06 17E-02 25E-02 64E-03 51E-07
Co-60 28E-06 19E-05 6.0E-03 17E07 85E-04 11E-03 76E-04 75E-05 6.2E-09
Cel44  42E-06 27E-06 21E-05 26E-O7 72E-08 11E-08 74E-08 32E-07 22E-09
Zr-95 81E-07 53E-06 18E-04 43E-07 51E09 88E-11 27E10 21E12 31E-12
Nb-95 42E-07 27E-06 51E-05 20E-O07 31E-09 14E-11 91E11 14E-11 37E-12
1-131 41E-05 6.7E-06 7.2E-08 41E-06 32E-12 60E-07 38E-05 11E-11 93E-10
U-235 15E-07 32E-08 50E-06 94E-09 78E-07 28E-07 27E-07 46E-07 18E-10
U-238 13E-07 29E-08 84E-07 8O0E09 14E-07 25E-07 24E-07 42E-07 16E-10
Pu-239/2¢ 98E-07 64E-07 14E-07 59E-08 15E-09 38E-07 28E-08 31E-06 24E-10
Th-232 10E-07 22E-07 92E-08 61E09 27E09 20E-08 48E-09 16E-07 12E-11
Am-241 10E-07 6.7E-08 38E-06 6.2E-09 20E-07 17E-08 16E-08 28E-07 25E-11
Eu-154 49E-06 53E-06 36E-08 11E-06 51E-09 13E-06 17E-07 10E-06 44E-10
La140 49E-06 27E-06 10E-06 18E-06 20E-09 11E-07 16E-08 7.2E-12 39E-13
Pm-147 74E-07 48E-07 26E-08 44E-08 11E-11 17E-08 28E-09 6.0E-10 36E-11
Sm-151 23E-07 15E-06 13E-07 14E-08 38E-10 90E-07 12E-07 75E-07 27E-11
Sr-89 15E-08 19E-08 12E-11 88E-10 11E-13 14E-09 24E-09 34E-11 O0.0E+00
Ba-140 86E-07 94E-08 56E-07 28E-07 O0.0E+00 19E-09 23E-08 O0O0OE+00 54E-12
P-32 78E-08 38E-06 23E-12 47E09 69E-16 42E-08 68E-08 33E-13 16E-13
Y-91 70E-06 46E-06 35E-07 42E07 93E-11 7.6E-08 23E-08 11E-10 29E-11
Pr-143 35E-06 23E-06 96E-09 21E-07 15E-12 76E-08 11E-08 83E-12 0.0E+00
Nd-147 31E-06 20E-06 16E-06 27E-07 36E-10 6.8E-08 10E-08 6.0E-12 0.0E+00

1 The screening index for tritium (not included in this table) was calcul ated as described in Section 3.1.5.
2 Bold values represent radionuclides for each pathway that were carried into the next iteration of analysisin Task 4.
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Table 3.2 Summary of Radionuclides and Pathways | dentified for Further Analysis.

Pathway | sotopes
Drinking Water Cs-137, Ru-106, S-90, 1-131
Fish Ingestion Cs-137, Ru-106, Sr-90, Co-60
External: Shoreline Sediment Cs-137, Ru-106, Sr-90, Co-60, Ce-144, Zr-95, Nb-95
Swimming None
Dredging Pathways:
External Cs-137, Ru-106, Sr-90, Co-60
Ingestion of Beef Cs-137, Ru-106, Sr-90, Co-60
Ingestion of Milk Cs-137, S-90, Co-60, 1-131
Ingestion of Vegetables Cs-137, Ru-106, Sr-90, Co-60
Irrigation None

Findly, thetwo TREs (***Eu and **°L 8) that were of initial concern because of the conservativetrestment of
their source term were given alower priority for further consderation when the actua isotopic breakdown
of the TRE release data was used.

A screening index of 8.7 10°® was obtained for ®°H (Section 3.1.5). This screening index represents a
consarvative estimate of the risk from al exposure pathways originating from the contaminated river
water; screening values for *H corresponding individua pathways would be lower. Therefore, tritium
was assigned alow priority for further study.

3.3  Summary of the Screening Analysis

Twenty-four radionuclides released into the Clinch River from the Oak Ridge Nationa Laboratory from

1944-1991 were conddered in apreiminary screening andysis conducted in 1996 to determine whether a
more in-depth evaluation would be required in later phases of Task 4. To focus time and resources on

those radionuclide contaminants that are most likely to have been important in terms of dose or risk to off-

gteindividuds, a conservative screening eva uation of each individua radionuclide and exposure pathway
was conducted.

To identify contaminants and pathway's for which the risk was clearly below aminimum level of concern,
conservative assumptionswere used for al aspectsof the screening caculations. Because eech radionudide
was evauated individualy by pathway, the results of the screening ca culations were compared to arisk-
based decision guide of 10° (a factor of 10 below the ORHASP recommended value), and priority
designations were developed for each contaminant and pathway.

Asareault of this consarvative screening analys's, Sixteen radionuclides were assigned alow priority for
further andyss. In addition, the swimming and irrigation scenarioswere designated aslow priority exposure
pathways. Eight radionudides (*’Cs, **Ru, *Sr, !, ®Co, **Ce, *Zr, and *Nb) wereinvestigated in
more detail (later sections of this report). The exposure pathways of primary concern warranting further
andysswereasfollows: drinking water, fishingestion, externd exposure from sediments, ingestion of milk,
and ingestion of meat. These more in-depth evaluations were conducted in 1996 and 1997 and are
documented in the remaining sections of this Task 4 report.
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40 OVERALL APPROACH

Task 4 of theOak Ridge Dose Recongtruction cons sts of an evauation of radionuclidere easesfrom White
Oak Lakeinto the Clinch River. Estimated and measured concentrations of radionuclides in water and
shoreline sediment were used to cal cul atetotal excesslifetimerisksof cancer incidencefor defined target
individuals in specific locations for each of five exposure pathways.

Eight potential exposure pathways were considered in the screening phase of Task 4 (Hammondset .,
1997; Section 3 of thisreport): ingestion of fish, swvimming, ingestion of drinking water, ingestion of milk,
ingestion of meat, externa exposurefrom shoreline sediment, external exposurefrom dredged sediment,
and ingestion of produce or other crops grown on land contaminated by dredging or irrigation. The
screening analysis used arisk criterion of one chance in one-hundred thousand of an adverse health
outcome(10°) to assign low priority for further study. Following the screening analysisand ademographic
survey of the affected area (Section 7), four pathwayswere excluded from thefull risk assessment for all
locations aong the Clinch River because the screening resultswere bel ow the decision criterioninthe
conservative screening analysisor the pathwayswere not relevant to the actual land use aong the Clinch
River. The excluded pathways are swimming, external exposure from dredged sediments, ingestion of
crops grown on land contaminated by dredging, and ingestion of crops grown on land contaminated by
irrigation. For each of theremaining five pathways, appropriate referenceindividualswere defined for
specified locations.

The study areawas defined as the region aong the Clinch River from the Jones Idand Area[Clinch River
Mile (CRM) 20.5; just downstream from White Oak Creek, the source of the radioactive contaminants
from the Oak Ridge Reservation] to the confluence of the Clinch River with the Tennessee River (CRM
0.0). Five specific locations wereidentified for inclusoninthe anaysis. Theselocations are the Jones
Idand Area (referred to as CRM 20.5 on tables and figures), the Grassy Creek Area (referred to as CRM
14 ontablesandfigures), the K-25 Area(dso referred to as CRM 14 on tables and figures), the Kingston
Steam Plant Area(referred to as CRM 3.5 on tables and figures), and the City of Kingston (referred to
asCRM 0.0 ontablesand figures). Although Grassy Creek and the K-25 areaare defined asdistinctly
different locations, theonly differenceintermsof the presence of exposure pathwaysisthat thereispublic
use of theriver asadrinking water source at the K-25 Water Intake. However, because the predicted
water concentrationsin the Clinch River are not different for these locations, they are referred to as part
of acommon reach of theriver for purposes of therisk assessment. Information on demography and land
usewas utilized to evaluate each location for the possibility that people might have been exposed through
any of the five pathways (Section 7).

This section of the report provides the general methodology used in each component of the dose
reconstruction process. Section 4.1 describesthe basic conceptua model used to estimate therisksfrom
the radionuclides of concern. Section 4.2 contains an introduction to the methods used to evaluate each
component of the dose and risk estimation. Findly, Section 4.3 provides abrief overview of the methods
used to perform the uncertainty and sensitivity analyses.
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4.1  Conceptual Model

The excesslifetimerisk (ELR) of cancer from exposure to aradionuclide of concern is defined asthe
probability that an individual exposed to asingledoseD, inagivenyear (i) will acquire aradiation-induced
cancer over that individud’ slifetime. Inthisstudy, theexcesslifetimerisk of cancer wasestimated for each
organ of interest (Section 13). The excesslifetimerisk of cancer wasthen calculated for severd reference
individual sexposed asadults (with theexception of *11, for which thereferenceindividua wasconsidered
to be exposed asachild) to specified radionuclides re eased from the X-10 facility (Section 5). Theexcess
lifetime risk of cancer incidence during year "i" (ELR;) was cal culated using the equation

ELR * RF, - D, (4.1)
where
RF, = Organ-specific Risk Factor, excesslifetime risk of cancer to an organ per unit
dose from exposure during year "i" [Sv}]
and
D; = Dose delivered to the organ from an exposure in year “i” [Sv].

If theindividua was exposed for more than 1 year, the total excess lifetime organ-specific risk (TELR) of
cancer was given by

N
TELI% 'j RF,-D,
"1 (42)

where N is the number of exposure years.

Thehistorical rel eases of radionuclidesfrom the Oak Ridge National L aboratory relevant to this study
occurred for 48 years, from 1944 to 1991.

Toobtainthetotd excesslifetimerisk of cancer from multipleexposuresto al organs, thefollowing mode
was used:

N
TELR" § TELR
! (4.3)
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where N isthe number of organsfor which aradiologica dose and dose response function was estimated.

A process-based approach was used to estimate the totdl excesslifetimerisk (TELR). The excesslifetime
risk (ELR) from an annual exposure at a specified location was calculated as a function of several
independent components:

» the source term, or the yearly release of aradionuclide to theriver;

» theaguatictrangport, or theresulting annual averageradionuclide concentrationsin water and shoreline
sediment at specified locations,

» food-chain transfer from contaminated water to edible fish, milk, or mest;
* intake of contaminated water or food, or exposure to contaminated shoreline sediment;
» dose per unit intake or unit exposure; and

* risk per unit dose.

A detailed list of the underlying equations used for the assessment of all relevant pathwaysisgivenin
Appendix 4A. These equations were used to estimate the intake of a contaminant (in Bq) by agiven
pathway from aninitia contaminant concentration in water (internal exposure pathways) or the externa
exposure (Bgkg'y) fromaninitial contaminant concentration in shoreline sediment. Doses(Sv) werethen
caculated from thetotal intake or total exposure. Estimation of the radionuclide concentrationsin water
and sediment asfunctions of time and location is described briefly in Section 4.2 and in detail in Sections
5and 6.

4.2  Description of Model Components

This section introduces the generd methodology used to determine each component listed in the previous
section. Details of the methodology described here are provided in later sections of this report.

4.2.1 Sourceterm estimation

Source term estimation was used to quantify the amounts of each radionuclide of interest released in liquid
effluents from White Oak Dam and subsequently to the Clinch River during the years 1944-1991. A
detailed source term was devel oped for each of thefollowing radionuclides: ®Co, ®Sr, ®*Nb, % Zr,*® Ru,
131|’ 137CS, and 144Ce-

The method used to estimate the source termsfor these radionuclidesinvolved severa uncertain correction
or biasfactorson the reported annual rel ease estimates. The sources of uncertainty varied over timedue
to changesin the operations of the facilities and due to changesin monitoring and analyss methods. Further
details on the devel opment of the detailed source terms are discussed in Section 5.
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4.2.2 Estimation of radionuclide concentrations in surface water and shoreline sediments

Estimatesof theactual radionuclide concentration in surface water and in shoreline sediments are central
to recongtructing possible exposures. Severa factors must be considered, such asthe radioactive half-life,
flow rate of the river system, effects of dilution or water volume, the form of particulate matter, the
suspension of particulate matter, theresuspension of particul ates, scouring events, etc. The estimation of
water and sediment concentrations is discussed in Section 6.

Estimates of Water Concentrations

Estimates of water concentrations were obtained using amodified version of an aquatic transport model
caled HEC-6 (HEC-6-R; see Section 6). However, for the purposes of the dose reconstruction for Task
4, measured datawere used whenever possible to estimate annual average water concentrationsin the
Clinch River. Theuncertainty inthe modeled water concentrationsfrom HEC-6R was much higher than
the uncertainty about annual averages obtained from the measured data, primarily becausethe model was
not calibrated to specific water concentrations (cdibration was performed on the basis of total sediment
inventory). Becausethe concentration datathemsel veswould be necessary to calibrate the model, it was
considered best to usethe concentration datadirectly when they wereavailable. Another reasonto prefer
the use of measured data over modeled predictionsisthat the measurements of water concentrations are
not affected by uncertainty in the estimates of releases of radionuclides over White Oak Dam.

For those yearsfor which environmenta dataexist, the reported val ueswere adjusted for thelocations of
interest and used with appropriate uncertainty factors. For those years for which environmental data do
not exist, subjective confidence intervals based on the predictions from HEC-6-R were used.

Estimates of Sediment Concentrations

Estimates of shoreline sediment concentrations were aso obtained using HEC-6-R (Section 6). A
complicated model, HEC-6-R was used to track the sediment inventory in various reaches of the Clinch
River. Variousflood and scouring events were also included in the modeling effort.

The basic process of estimating sediment concentrations uses known information about water
concentration, particulate type, suspenson of particulate matter, and K, vaues. TheK value (distribution
coefficient) of aradionuclide describeshow well the radionuclideis absorbed on to sediment material .
Someradionuclides such asruthenium haveavery low K ;, meaning that very littleisabsorbed and retained
ontheriver sediments. Instead, the radionuclide remains primarily in the water, and higher exposures
would result from the water carrying the ruthenium than from the sediments. Cesum-137 hasahigh K
value, meaning that it isstrongly absorbed by the sediments. Asaresult, continuing exposure could take
place from both sediment and water, due to continuing releases to the water and to resuspension of
contaminated sediment.

Monitoring dataobtained in the early 1960s and in the 1990swereused to cdibrate the model for shoreline
sediment estimation. The primary calibration was based on sediment inventory during the 1960s. For the
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shoreline sediment, al concentrationsused intherisk estimation were based on mode calcul ations, with
appropriate uncertainty estimates.

4.2.3 Estimation of radionuclide concentrations in aquatic and terrestrial biota

Aquatic and terrestrid biotaliving in proximity to the Clinch River or the contaminated sediments had some
possibility of accumulating radionuclidesinther tissues. Accumulation of aradionuclide dependsfirst on
the bioavailibility of that individua radionudlide. For example, *"Csis highly bioavailable and subject to
accumulation in biota, whereas '®Ru isnot. Cesium-137 istherefore of more concern for aningestion
pathway such as the consumption of fish, meat, or milk than is *®Ru.

To estimate therisk fromingestion of fish, abioconcentration factor (BCF) was used to predict thetransfer
of contaminants from water to the fish. A bioconcentration factor with an estimate of the associated
uncertainty was devel oped for each radionuclide of concern. These BCFswereestimated from available
environmenta data(water concentrationsand fish concentrations) and from published information. The
detailed development of the BCFs used to estimate the transfer of radionuclides from river water to fish
isprovided in Section 8.

Toedimatetherisk fromingestion of milk and mest, radionuclide-specific coefficientswereused to predict
the transfer from river water to milk and meat. These transfer coefficients are described in Section 9.

4.2.4 Estimation of exposures to target individuals

For dl locationsin the study, exposure pathway's of interest included fish ingestion and ingestion of milk and
meat; other pathways of interest varied with location. For the Jones Idand Reach (CRM 21.0 to CRM
17.0), the exposure pathways of interest arefishingestion, external exposurefrom shoreline sediments, and
ingestion of milk and meat. The Grassy Creek Reach (CRM 17.0 to CRM 14.0) exposure pathways
includefishingestion, external exposureto shoreline sediment, and ingestion of milk and meat, whilethe
nearby K-25 reach (CRM 14.0 to CRM 5.0) includes the addition of the drinking water pathway. For
the Kingston Steam Plant (CRM 5.0 to CRM 2.0), the important pathways were drinking water, fish
ingestion, externa exposure to shordine sediments, and ingestion of milk and mesat. Finally, exposuresto
resdentsin the City of Kingston (CRM 2.0to CRM 0.0) are assumed to have occurred primarily from
drinking water, fishingestion, externd exposureto shordine sediments, and ingestion of milk and meet from
livestock having direct access to the river as a source of drinking water.

Estimation of exposuresto reference individua sidentified in this study depends on the pathway involved,
the specific characteristics of theindividud pathways, and the size and type of the popul ation affected. For
the fish pathway, three reference individual swere described in terms of the amount of fish consumed. The
water ingestion pathway hastworeferenceindividuals, an adult and achild. Theactua amount of timethe
referenceindividua had accessto contaminated drinking water was a so taken into account. For example,
children are not considered for certain areas such asthe Grassy Creek/K -25 areaand the Kingston Steam
Plant, becausetheseareindustriad facilitiesand it isnot likely that children obtained drinking water from
theselocations. On the other hand, adults and children were exposed viathe Kingston City Water Supply.
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The milk ingestion pathway also had multiple target individuals: children, who could have drunk different
fractions of localy produced milk depending on whether they were at home or in school, and adults. Both
the mest ingestion pathway and the external exposure pathway had adults asreferenceindividuas. Details
on the exposure scenarios and reference individuals are presented in Section 7.

Severa specia exposure scenarioswereaso consideredinthisstudy. Thesescenariosincluded aperson
who ate fish patties composed of wholefish aswell asfishfillets, a person consuming afish from White
Oak Lake, anindividua consuming acontaminated deer fromthereservation, anindividua consuminga
contaminated waterfowl from thereservation, and anindividua consuming acontaminated turtlefrom White
Oak Lake. These special scenarios are presented in Section 14.

425 Estimation of dose conversion factors

For estimation of doses to the reference individuals, doses to specific organs per unit intake (dose
conversion factors) were devel oped for the ingestion pathways based on internal dosimetry conceptsand
methods established by the International Commission on Radiological Protection (ICRP). Sources of
uncertainty in the dose conversion factorsfor each radionuclide and organ of concern were identified,
estimated, and propagated to determine the uncertainty in the ICRP methods.

In order to predict dosesfrom the external pathway, an“externa” dose conversion factor isrequired. To
estimate the uncertainty in the externa dose conversion factors, the published values were evaluated in
terms of their gpplicability to the Clinch River system. Severa modifying factors were determined and
propagated to obtain estimates of uncertainty for the external dose conversion factors.

Further discussion of the methodology used to estimate the uncertainties in the organ-specific dose
converson factorsfor both externd and internal exposuresisprovidedin Sections 10 and 11, respectively.

4.2.6 Estimation of dose-response functions and total excess lifetime risks

The excesslifetime organ-specific risk per unit organ-specific doseisdiscussed in Section 12 asafunction
of the backgroundincidence of organ-specific cancer incidencein the state of Tennessee. The effects of
age and gender are al so discussed in Section 12, along with the estimation of total risk for all cancers.
Findly, theoverdl dosesand thetota excesslifetimerisksof cancer incidencefor thetarget individudsare
summarized and presented in Section 13.

4.3  Uncertainty and Sensitivity Analysis

Each of the components|isted in Section 4.2 contains parameterswhose va ues are known only imperfectly.
To quantify the present state of knowledge, subjective probability distributions were assigned using
professional judgment after review of theliterature, site-specific data, and consultation with outside experts
(IAEA, 1989; NCRP, 1996). Whenever possible, distributions of values have been sdected to reflect specific
characteristics of the Oak Ridge site and of activities along the Clinch River during the time period 1944
through 1991. Subjectiveprobability distributionsfor all parameterswere propagated through the equations
to give subjective probability distributions for the resulting doses and risks.
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Monte Carlo simulation (Figure 4.1) was used for error propagation, employing the Latin Hypercube
Sampling (Crystal Ball: Decisioneering, 1994) techniquewith asamplesizeof 400. |dentification of the
most important contributorsto the uncertainty in doseand risk was performed through asengitivity analysis.
In thisdocument, the sensitivity analysis expressestherel ative contribution of the uncertainty of eachinput
parameter to the uncertainty in each endpoint of the caculation. Thisanaysisisbased on asummation of
the squares of the Spearman rank correlation coefficients' (between each input parameter and the endpoint
of interest), normaized to 100% (Crysta Ball: Decisioneering, 1994). Oncetheimportant contributorsto
the overal uncertainty have been identified, priority can be assigned for the acquisition of additional
information to refine the dose and risk estimates.

A specific fegture of the sengitivity anadlysis performed in thiswork isthe treatment of the time-dependent
nature of the processesinvolved. The main endpoints of the calculations, namely the total excesslifetime
risk (TELR) of cancer incidence and the total dose (TD) to selected organs, represent time-integrated
quantities. Their relationship to the time-dependent parametersis complex and difficult to analyze. The
solution chosenfor the sengitivity andlys swasto investigate the rel ati onship between the uncertainty inthe
above-mentioned endpoints and the uncertainty in the time-averaged values for the time-dependent
parameters.

Corrélations between most parametersin the exposure equations were considered minimal and were not
treated explicitly. Totd fluidintakeby childrenwas consdered in estimation of the separateingestion rates
for milk and drinking water. Correlation between exposure pathwaysinterms of dependence on the same
contaminant concentrationsin water for agiven year and | ocation wasincluded explicitly; total dosesand
risksfor al pathways at agiven location were estimated using the same starting concentration of each
contaminant for al pathways. 1n other words, for each value sampled from adistribution of contaminant
concentrationsinriver water, dl contributionsto dose(i.e., consumption of fish, milk, beef, and water) were
caculated from the same val ue; this process was repeated 400 timesfor each dose or risk estimate. Thus
the resulting distribution for dose or risk accounted for the fact that al interna exposure pathwayswere
based on the same water contamination. Correlation between contaminant concentrationsin water and in
shoreline sediment was not treated explicitly, but it isexpected that the large uncertainty in the estimated
concentrations in sediment will exceed any effect on total dose or risk from omitting this correlation.

lspearman rank correlation coefficients are calculated between each input parameter and the output.
Correlation coefficients provide a meaningful measure of the degree to which an input parameter and the result
change together. A high correlation coefficient means that the input parameter has a significant impact on the
result. A positive coefficient indicates that the result increases as the input parameter increases. For a negative
coefficient the result decreases as the input parameter increases. The larger the absolute value of the correlation
coefficient, the stronger the relationship (Crystal Ball: Decisioneering, 1994).
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Figure 4.1 Monte-Carlo method for uncertainty propagation
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50 ESTIMATION OF QUANTITIES OF RADIONUCLIDES HISTORICALLY
RELEASED FROM WHITE OAK CREEK TO THE CLINCH RIVER

51 I ntroduction

Congtruction of the X-10 Sitebegan in 1943, and pilot plant operationsto produce and chemically separate
plutonium started up thefollowing year. Large” Gunite” tankswere built on siteto contain al of theliquid
radioactive wastes produced from the X-10 operations, which were not expected to continue beyond the
end of World War 11. Thelongevity of operationsat the X-10 Site, dso known as Clinton Laboratory and
later Oak Ridge National Laboratory was unanticipated, and expans on of these operations occurred well
beyond the end of thewar. The capacity of the Gunite tanks was exceeded, and the first waterborne
radioactive wastes were released into White Oak Creek in 1944. |n anticipation of potential rel eases of
radioactive liquid wastes, White Oak Dam was constructed in 1943 to create afina settling basin for these
wadtes beforereleases occurred to the Clinch River. Thissettling basinisnow known as White Oak Lake
(Figure5.1).

From 1944 to 1948, releases of radionuclides to White Oak Creek were primarily from an upstream
settling basin constructed near the center of the X-10 Site. In the 1950s, seepage waste pits were
constructed to receive X-10'smost highly radi oactive wasteto reduce the quantities being rel eased to the
Clinch River. Theassumptionwasthat the radionuclidesin theliquid waste would be retained by the pit
and surrounding soil, while the water would seep into the ground water and emerge as surfacewater in
White Oak Creek. Thisassumption held reasonably well for **'Csand other radionuclideswith ahigh
affinity for adsorption on soil. However, *Ruwas not retained in the soil, and flowed from the pitswith
the seepage of ground water. The potentia importance of *®Ru was not recognized until 1959, when large
quantities of 1®Ru were reported in ground water leaving the pits. The highest concentration of ®*Ru
passing through White Oak Dam was reported in 1960.

In 1955, the gates of White Oak Dam were opened, and thelakewasdrained. A number of reasonshave
been postulated for draining thelake, including the belief that the sedimentshad reached saturationlevels
with respect to the radionuclides concentrationsin the water, reducing the capacity of the sedimentsto
retain additional radionuclides and causing the sediment to become a major secondary source of
radionuclidesin thewater column. 1n 1956, heavy rainsflushed out a portion of the radioactive bottom
sediments of thelake bed, resulting in the largest release of **"Csreported by monitoring instruments at the
dam.

Relatively minor radionuclide rel eases to the White Oak Creek drainage system came from avariety of
sources. Starting in 1960, three seepage trenches were built on the X-10 Site to replace the waste disposd
pits. Thetrenchesincluded measuresto reduce radionuclide leakageto the ground water. Severa test
reactors a so discharged small quantities of liquid wastes to the White Oak Creek drainage system, and
various solid waste burid grounds released somelong hdf-life radionuclidesto White Oak Creek. Figure
5.2 presentsatimeline of historical operationsand eventsrelevant to rel eases of radionuclidesfrom White
Oak Creek to the Clinch River.
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Figure 5.1 Locations of the X-10 site (ORNL), White Qak Creek, White Qak Lake, White Oak Dam, and the Clinch River. White Qak

Creek empties into the Clinch River at Mile 20.8, about 2.5 miles below Melton Hill Dam, which was constructed in 1963.
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Figure5.2  Significant eventsin radioactive waste management and releases from the X-10 site (1940-1960)
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Task 4 eva uated radionuclides rel eased from White Oak Creek to the Clinch River, without regard to their
sourceson the X-10 Site. Becausealong historica record of effluent measurements at White Oak Dam
was available, adetailed reconstruction of sourcetermsfor specific radioactive waste sources on the X-10
Sitewas not necessary. Use of measurements at White Oak Dam asthe basis of this assessment was
preferred over reconstruction of releases from individual waste sources for the following reasons:

. Thelargenumber of possibleindividua radionuclide sourceson the X-10 Site, including chemical
processing of nuclear material's, radioi sotope production, reactor operations, and shallow-land
burid of radioactive wastes from the Oak Ridge complexes and other sources across the southeast
United States;

. The paucity of detailed documentation of the operations listed above and the quantities of
radioactive materid sthat were received, produced, processed, shipped off Site, disposed of onsite,
or released through X-10 liquid radioactive waste systems; and

. Thehigher leve of uncertainty that would be associated with reconstruction of historical emissons
from the individual sources, due to the above considerations, compared to the uncertainties
involved with reconstruction of rel easesbased on the avail able measurementsat the point of release
from the X-10 Site, White Oak Dam.

This section documents the methods that were used to independently eva uate the quantities of radionuclides
that were historically released from White Oak Creek. The gpproach that wasused can be broken into
the following steps:

Information Gathering: Thisvital initial step included extensive directed searches of records
repositories on the Oak Ridge Reservation, interviews of active and retired X-10 workers, and
interviews of individuasfrom other organizations that have been involved with routine or specid
studies of White Oak Creek or the Clinch River.

. Examination of Past Monitoring and Effluent Reporting Practices.  Thisstep involved detailed
examination of the methodsthat were used by the X-10 staff to samplethe water that flowed over
White Oak Dam and to estimate concentrations of radioactivity or specific radionuclidesin that
water, associated flow rates, and quantitiesreleased. Details of thisinformation gathering process
are contained in Section 5.2 and Appendix 5A.

. | dentification of Contributorsto Uncertainty in Reported Releases.  Inthisstep, the practices,
errors, or assumptionsthat were likely to contribute to bias or uncertainty in the officidly reported
vauesof radionuclide reeaseswereidentified and quantified. Thisprocessisdescribedin Section
53.

. Application of Correction and Uncertainty Factors to Reported Release Estimates:  After
thorough review, it was determined in the present investigation that the reported release tota swere
an appropriate starting point for independent quantification of past releases. A seriesof correction
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factors was then applied to each reported annua release total to account for the effects of each
source of bias or uncertainty asdescribed in the previous step. A revised set of emission estimates
was produced, along with confidenceinterval sthat reflect the uncertainties associated with the
correction and uncertainty factors. This processis described in Section 5.4.

5.2 Historical I nformation Relevant to Releases from White Oak Creek

The Task 4 information gathering process centered on records located at X-10 Laboratory Records and
the X-10 Records Center. Laboratory Records contains more of what would be called “active’ records,
including copiesof thousands of technical reportsand Centra Files (CF) Memorandaconcerning activities
at X-10. A large portion of theinformation relevant to past emissionsfrom White Oak Creek that was
located wasfound in CF memos, log books, and technical reportsfound in X-10 Laboratory Records.
The X-10 Records Center, which contains more of what would be called “retired” or archived records,
also yielded some important information such as technical log books.

Followingisasummary of information from historica recordslocated by the project team that arerelevant
to releases from White Oak Creek. Thisinformation centers around past sampling and measurement
practices.

Within this section, specific documents are often mentioned with their CF Memorandum numbers (such as
CF 44-08-346). More information regarding these documents can be found in Appendix 5A, which
contains alisting of reports with data relevant to measurement of discharges from White Oak Creek.

Although many reports regarding monitoring of radioactivity in dischargesfrom White Oak Creek were
located at X-10 Laboratory Records (see Appendix 5A), asmaller number of report serieswerefound
to bemost useful for estimating asource term for radionucliderdeases. Thefollowing documents contained
summary level historical data regarding annual releases of radionuclides from the X-10 site:

C Notebook No. 12 by R.A. Lauderdae, January 5, 1949, p.75 (ChemRisk Repository No. 2075)

C Radi oactive Waste management at ORNL by F.N. Browder et d., April 14, 1959, p. 54, Table
V (ORNL 2601; ChemRisk Repository No. 1990)

C Anaysis of Waste Disposal Practice and Control at ORNL by Y. Feige, F.L. Parker and G.
Struxness, October 4, 1960, p. 18. Table 2 (ORNL CF-60-8-72; ChemRisk Repository No.
1986)

C Estimate of Radioactivity Releaseto Clinch River for Period 1944 to 1947, Memorandum from
F.L. Parker to D.M. Davis, December 19, 1962 (ChemRisk Repository No. 3434)

C Description of ORNL Liquid Waste Systems, Hazards Evauation - Volume 3 by F.N. Browder,
August 21, 1962, p.13, Table 1 (ORNL-TM-324; ChemRisk Repository No. 680)

C Safety Andysis of Radionuclide Releaseto the Clinch River by K.E. Cowser and W.S. Snyder,
May 1966, p. 6, Table 1 (ORNL-3721; ChemRisk Repository No. 207)



TASK 4 REPORT
July 1999 Radionuclide Releases from X-10 to the Clinch River -
Page 5-6 Estimation of Quantities Historically Released

C Waste Management at ORNL by W.D. Burch, September 1972, p. 193, Table 11.9, (ORNL
CF-72-9-1; ChemRisk Repository No. 1957)

C Technica Background Information for the Environmenta Safety Report, Vol. 4: White Oak Lake
and Dam by T.W. Oakes et a., March 1982, p. 128, Table 6.1 (ORNL-5681; ChemRisk
Repository No. 156)

C Historical Releases of Radioactivity to the Environment from ORNL by W.F. Ohnesorge, May
1986, pp. 18-19, Table 3 (ORNL/M-135; ChemRisk Repository No. 609)

C Historical Radionuclide Releasesfrom Current DOE Oak Ridge Operations Office Facilitiesby
U.S. Department of Energy, Oak Ridge Operations Office, May 1988, Table 2 (OR-890;
ChemRisk Repository No. 446)

In addition, Applied Hedlth Physics reports (1953-84) and Monthly Liquid Waste Disposa reports (1961-
1985) were key documents that were located and were used to evaluate the estimates of annual
radionuclide releases from White Oak Creek reported in the documents identified above.

Interviews with thefollowing individua s were conducted to identify past monitoring and datareporting
practices used by the Area Monitoring and Health Physics groups at ORNL to quantify releases of
radionuclides from White Oak Creek.

H. Abee, ORNL Area Monitoring (ChemRisk Repository No. 2077)

S. Auerbach, ORNL Environmental Sciences Division (ChemRisk Repository No. 2032)
C. Barton, ORNL Operations (ChemRisk Repository No. 2024)

M. Bauer, ORNL Environmental Monitoring (ChemRisk Repository No. 2076)

W.D. Caottrell, ORNL Area Monitoring (ChemRisk Repository No. 1632, 3020)

K. Cowser, ORNL Waste Disposal (ChemRisk Repository No. 2023)

F. Kornegay, ORNL Environmental Monitoring (ChemRisk Repository No. 1520)
K.Z. Morgan, ORNL Health Physics (ChemRisk Repository No. 3392)

W.F. Ohnesorge, ORNL Environmental Monitoring (ChemRisk Repository No. 1628)
J. Phelps, former ORR employee (ChemRisk Repository No. 2226)

M. Sealand, ORNL Waste Management (ChemRisk Repository No. 2078)
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5.2.1 Measurements of Gamma Radiation from Water Samples

Measurements of White Oak L ake effluentswereinitialy conducted with an emphasison dose rates that
people would receive if they were immersed in the contaminated water, rather than an emphasis on
guantifying quantities of radioactivity released. This emphasis was apparently based on the initial
understanding of the radionuclide composition of the effluentsand abelief that externa radiation exposures
would be moreredrictivein complying with the exposure guiddines of thetimethan internd exposuresfrom
ingestion of contaminated water or other exposure pathways. 1t wasthought that thiswould be the case
whilethe principal radioactivity present wereisotopes of columbium (now called niobium) and zirconium
rather than barium or strontium (Morgan, 1945). Measurementsof gammaradiation from White Oak Dam
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water samplesbecamethe basisfor retrospective estimation by X-10 staff of grossbetareleasesfor 1944
through 1947 (see Section 5.2.2).

Theearliest identified water monitoring datafor radioactivity at White Oak Dam were collected on July 26,
1944. Thesedataare presented in"Activity of Mud and Water from White Oak Dam™ (CF-44-08-376).
This one page report tabulates results from single samples collected at White Oak Dam and at seven
locationsalong White Oak Creek. Radioactivity datafor bothwater (in“c/ml/min”) and mud (in“pc/gm”)
are presented. Collection or analysis methods are not discussed.

Three subsequent reports presented radioactivity monitoring resultsfor water samplescollected at White
Oak Dam during the three week period between September 11, 1944 and October 1, 1944 (Clinton
Laboratories, 1944a;b;c). These data were collected using the "small container/ large container”
immersion monitoring method (Parker, 1944). Thismonitoring method, specific for gammaemitting
radionuclides, yields gamma dose rate measurements (abbreviated “mr/hr” at the time), representing
radiationintensitiesonthebasisof smulated immersioninaninfinite volume of the contaminated water.
The objective of thismethod wasto allow measurement of an indicator of gammadoserateswhenit was
inconvenient to take measuring equipment to the water supply to actually measure activity in aninfinite
volume (rdativeto the ranges of theradiationsinvolved). Thismethod involved immersion of the measuring
device (abrass-walled Geiger-Mueller tube) successively at the center of two water-filled containers of
radius R and 2R, where R was agpproximately 3.5 inches. The*“dosage-rate at infinite volume” could be
calculated from measurements made in the two containers based on the following equation:

SZ
(2S & L) x 3350

where: G = Doserate at center of an infinite sphere (mr/hr),
S = Count rate in small container (counts/min),
L = Count rate in large container (counts/min), and
3350 = Conversion factor, counts/min to mr/hr

The equation can be rewritten as:

. 2.99x10%* x S?
(2S & L)

According to the methodol ogy described by Parker (CH-1889; 1944), the brass counters used gave 3350
counts/min when exposed to a1 mr/hr field of radium gammaradiation. According to CH-1889, results
prior to July 1944 corresponded well with direct ioni zation measurementsin the X-10 settling basin and
White Oak Lake.
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A seriesof reports, for the period October 1944 through March 1948, presents radioactivity monitoring
resultsfor water samplescollected at theinlet and outlet to the settling basin and at White Oak Dam. In
generd, sampleswere collected approximately daily at theinlet and outlet to the settling pond and once per
week at White Oak Dam. Individua reportswereissued weekly from October 1944 through early 1946
and lessfrequently (biweekly or monthly) from early 1946 through March 1948. Reportsinthisseries
identified in the Central Files database are listed in Appendix 5A.

Sampleswere collected and measured for gammaactivity using the smal/large container immersgon method.
Thesereportsindicatethat athin-walled, oneinchbrassGM tubewasimmersed inwater samplesin smdl
and large containers. The method used to estimate dose rate appears to differ somewhat from that
described in CH-1889. Specifically, gamma activity measurements in these reports were reported
separately for the small and large containers. Values corresponding to the two containers are presented
in counts per minute (¢/m) and converted to mr/hr as follows:

G " (6.2x10%) x g

G, ™ (4.1x10%) x %

here: Gs = dose rate (mr/hr) within the small container,
G = dose rate (mr/hr) within the large container,
S = Count rate in small container (counts/min), and
L = Count rate in large container (counts/min).

Theseva uesrepresent radiation intensities on the basis of simulated immersionin aninfinite volume,
assuming an average gammaray energy of 0.7 MeV. During early periods (i.e., beginning in 1945),
measurements made in the two containers were simply compared and the consistency between the
measurements noted, to provide anindication of trendsin gammaactivity. At later dates(e.g., 1948), the
values measured in the two containers were averaged by X-10 workers for reporting.

5.2.2 Measurements of gross beta activity releases

The objectives of the White Oak Dam monitoring program changed between 1944 and 1949. Thefirst
attemptsto quantify daily releases of radioactivity occurred in October 1947. Between October and
December 1947, daily samplesof White Oak L ake effluent were analyzed for betaemitting radioactivity
without regard for theidentity of the radionuclides present, often called gross betaradioactivity (Cottrell,
1948). Thismonitoring was part of aspecia study, apparently to test methodsfor quantifying releases
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fromWhite Oak Lake'. The methods of this 1947 study were carried into a routine monitoring program
for measurement of White Oak Dam releases.

Thedaily monitoring of radioactive effluent at White Oak Dam consisted of grab sampling theflow over
thedam’sgate. Thissamplewasthen transported to the Hedlth Physicslaboratory for quantification of the
gross betaradioactivity present through use of an end-window Geiger- Mueller detector system. X-10's
monitoring program averaged the gross betaradioactivity concentration on aweekly basis, multiplied this
concentration by theamount of flow measured a White Oak Dam for that week, and reported the resulting
gross beta curies released for theweek. The daily grab sample of White Oak Dam effluent initially
conssted of eight gallons, which not only provided the daily gross beta sample but aso provided the daily
aliquot for monthly composite analysisand provided other X-10 groups with enough volume to conduct
waste treatment studies.

Sporadic weekly reports retrieved from X-10 Central Files, starting in 1948, list weekly quantities of
radioactivity released from White Oak Dam, in curies. Theweekly reportslocated from 1948 weretitled
“WasteMonitoring Reports’, and progressed into regul arly reported weekly “ AreaM onitoring Reports’.
Theseweekly AreaMonitoring Reportswererecovered for the entire period of 1953-1956. These 1953-
1956 documentsallowed thereconstruction of historical releasesfrom this period and the verification of
the continued use of standard protocols.

Using independent flow rates measured by the United States Geol ogical Survey and the average weekly
gross beta concentrations at White Oak Dam, weekly gross beta curie rel easeswere cal culated whenever
possible. Theavailability of USGS flow rates and X-10 gross beta concentrations coincided for half of
1953, entire calendar year 1954, and half of 1955. Calculations of weekly gross beta curiereleases by
the project team agreed well with those reported by the Area Monitoring Group. The release tota
calculated for calendar year 1954 was within one curie of X-10's reported release for that year
(approximately 390 Ci). For 1953 and 1955, some estimation of flow rateswas necessary, asUSGS data
for White Oak Creek could not belocated. Weekly variations between the cal culations by the project
team and X-10 staff likely resulted from the project team using different flow ratesfor periodsfor which
the values that X-10 staff used could not be located.

Details of the methods and results of theindependent reconstruction of releasesfor 1954 are providedin
Appendix 5B.

Retrospective Estimation of Gross Beta Releases for 1944-1947 by X-10 Personndl:

White Oak Lake effluents were not monitored for gross beta radioactivity on aregular basis before late
1947. Asaresult, curiereleasesfor thistime period could not be directly calculated. A 1962 document
by Frank L. Parker (1962) of the X-10 Health Physics Division stated:

L Personal communication between Brian Caldwell of the project team and W.D. Cottrell, former X-10 health
physics/area monitoring worker.
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“Occasondly, thequestionisraised of the curies of activity released to the Clinch River
during the period, 1944 through 1947. Currently, we have need for such valuesin the
Safety Analyses Subcommittee of the Clinch River Study. Unfortunately, direct
measurements of stream flow and radionuclide concentration in White Oak Creek are not
availableto dlow caculation of releaseto the Clinch River during thisperiod. Therefore,
estimates of release have been made using the best data available to us.”

The 1962 memo described the methods used to estimate gross betareleasesfor 1944 through 1947 using
an observed relationship between annual average gross beta concentrations (nCi/ml) and the annual
average gammadose rate (mr/hr) from 1945 and 1949 through 1960. For each year of the selected time
period, the X-10 Health Physics staff calculated theratio of annual average gross betaconcentration to
annua average gammadoserate. Theratioswere averaged over the 13-year period to calculate an
assumed representative constant that existed between the two measurements. The X-10 Health Physics
divison multiplied the averageratio from the 13 year period to the annua-average gammadose rates from
1944 through 1947 to “ back-calculate’ average annua gross betaconcentrations. Table5.1 presentsthe
data used to develop an average ratio of 1.3x10° nC/ml per mr/h.

The process used to back-cal cul ate gross beta concentrations can be summarized as follows:

Annual Average Gross Beta Conc.

Mean Annual Ratio (for 13 years) *
Annual Average Gamma Dose Rate

Then, for each year from 1944 through 1947:

Estimated Gross Beta Concentration * (Measured Gamma Dose Rate) x (Mean Annual Ratio
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Table5.1 Data Used by X-10 staff to estimate gross beta releases for 1944-1947

Annual Average Gross Annual Ratio, Gross Beta
Beta Concentration Annual Average Gamma Conc. to Gamma Dose

Y ear (mCi/mL) Dose Rate (mr/hr) Rate

1945 5.00x10° 0.027 1.90x1073
1949 4.00x10° 0.042 9.60x10*
1950 1.20x10° 0.013 9.10x10*
1951 7.30x10°® 0.027 2.70x10*
1952 2.50x10° 0.044 5.70x10*
1953 2.40x10° 0.025 9.50x10*
1954 3.40x10° 0.029 1.20x1073
1955 4.40x10° 0.022 2.00x103
1956 4.60x10° 0.034 1.40%x107
1957 2.50x10° 0.019 1.30x1073
1958 5.50x10° 0.028 2.00x1073
1959 9.20x10° 0.044 2.10x10
1960 2.14x10* 0.165 1.30x1073

Annual Ratio Summary Statistics
Mean:! 1.30x10°FCi/mL per mr/hr
Standard Deviation: 5.76x10*
Two Std. Deviations: 1.15x10° (88% of mean)

1 Value used by X-10 staff to estimate gross beta releases for 1944-1947 (Parker, 1962).

Appendix 5C presents measured gamma dose rates from 1945, along with a discussion of the
completeness of gamma dose rate measurementsin general.

5.2.3 Estimation of Radionuclide-Specific Releases

Even after X-10 personnel began reporting rel eases of specific radionuclides from White Oak Lake, the
gross beta radioactivity measurements remained fundamental to the calculation of annual rel eases of
radioactivity to the Clinch River. 1n 1949, X-10 began apportioning monthly gross beta releases among
severd specific radionudides. The monthly compaosite sample, made up from daily aiquots, waschemicaly
separated to quantify activities associated with selected isotopes. After proper chemica processing and
correctionsfor separation efficiency, the separated volume for each radionuclide was counted to determine
the radioactive contribution of each radionuclide. The isotopic contributions were determined by
comparing the counts per minute per milliliter of each separated radionuclide to the count rate from the
monthly composite sampleasawhole. Theisotopic contribution of each component wasthen converted
to a percentage and multiplied by the monthly gross betarelease, in curies, to determine the monthly curie
release of each isotope. These monthly radionuclide-specific curierel eases were then summed annually
(Ohnesorge, 1986). Theisotopeschosenfor separation wereinitially selected based on knowledge of the
radionuclides encountered in chemica processing of nuclear materiads and later based on radiochemica
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analyses and gamma spectroscopy. While documentation of this procedure for separation of gross beta
rel easesto specific radionuclideswas|ocated dating back to September of 1944, the procedure did not
become an integral part of the monitoring program until 1949.

5.2.4 Measurement of Flow Rates over White Oak Dam

Sincebasic measurementsof radioactivity at White Oak Dam involved quantification of the concentrations
of radioactive materia sin samplestaken fromthewater flowing over the dam, frequent estimation of the
total flow rate over the dam was necessary to convert measured concentrationsto release quantities. The
methodology used to measure the flow rate over White Oak Dam is described in the report entitled
"M easurement Method for White Oak Dam DischargeVolume" (ORNL, 1947). Thisreport describes
the apparatus used to measure of discharge volume, the calibration of this apparatus, and the computations
of flow rate from the data obtai ned.

Theleve of water in the |ake was recorded using a clock-driven Bristol recorder, which traced the lake
level on achart; asthelake level increased, the line was traced farther from the center of the chart. The
height of thetop of the upper gate of the dam, over which the water was discharged, wasindicated by a
pointer opposite agauge board marked to show the extent to which the upper gate was open. Zero on
the gauge board indicated that the upper gate was entirely closed. Water leve indications recorded on the
chart were calibrated to estimate an equivalent gauge board reading (2.20 gauge board corresponding to
achart value of 58.0 divisions).

The flow of water through the dam was calculated using the following equation:
F = 23xbxh%/2g

where:

T
I

Flow (ft*sec?)

Width of opening (ft) [constant at 4 ft]

h = Height of water (ft) [equivalent to the difference between the position of
the top of the gate from the gauige board reading and the water level from
the chart converted to its equivalent gauge board reading]

g = Acceleration of gravity [32 ft sec?]

(o
I

Input of known values produces:

it
SecC

F " 21.4 hd%?
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A somewhat different equation for calculation of flow through thelower gateis presented in " Correction
to Report Dated 1/16/46 Entitled: 'Extent of Activity in Mud Washed Through White Oak Dam on January
8, 1946" (ORNL, 1946). According to that report, the above equation is appropriate for estimating flow
through the upper gate where the surface of the water isonthe samelevel asthetop of the gate opening.
However, when the lower gate is considered, a dlightly different formula had to be used, as follows:

F'%xbxh 2 ght

Where: F = Flow (ft® sect)
b = Width of opening (ft) [4 ft]
h = Height of gate opening (ft) [4 ft]
g = Acceleration of gravity (ft sec?) [32 ft sec?]
ht = Distance from water surface to center of gate opening (ft) [8 ft]

Flow through the lower gate according to this equation, added to the flow rate cal cul ated for the upper
gate, provided an estimate of the total flow through both gates.

During high flow conditions, the water discharged at White Oak Dam sometimes was higher than the
calibrated flow monitoring apparatus. Three reports describing the effects of floods on the discharge of
radioactivity over White Oak Dam were identified for the period between 1948 and 1950. Thefirgt,
"Preliminary Report on Discharges of Radioactivity into White Oak Creek and the Clinch River” (Setter,
1948) presents data collected during the floods of February 12-15, July 14, and November 19 and 28,
1948.

The second report, " Studieson Overflow at White Oak Dam™ (Lawler, 1949), presents data collected
during theflood of late March 1949. Average curies per day discharged over White Oak Dam and the
probable average concentration in the Clinch River are presented for the periods previousto, during, and
following the flood, and deviations from the probable average concentration in the Clinch River are
caculated. Thereport indicatesthat the probable average concentration in the Clinch River was calculated
using adilution factor that represented the ratio of White Oak Dam dischargeto the flow of the Clinch
River. Averagedischargevolumesfrom White Oak Dam are provided for each day of sampling; however,
the flow of the Clinch River for corresponding periods is not provided.

Thethird report “Monitoring of White Oak Discharge Water During Flood of January 30-31, 1950"
presents data collected between January 29, 1950 and February 2, 1950, when 5.65 inches of rainfal were
recorded at ORNL. Duringthisperiod, datawere collected on an "around the clock schedul€e” to monitor
radioactivity in discharge water from White Oak Dam. Gamma radioactivity was measured from
approximatdly eight gallon samplescollected over a28 hour period. Water level ininchesabove or below
thetop of the coffer piling isprovided for each interval during which sampleswere collected. Tota curies
discharged per day over White Oak Dam (as beta activity) and the probable concentration in the Clinch
River, caculated based on the dilution afforded by the Clinch River, are presented for each day that
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sampleswerecollected. Inadditionto betaactivity, curiesdischarged per day asgammaactivity areaso
presented. Radiochemica analysesdatafor ruthenium, zirconium, niobium, total rare earths, cesium,
strontium, and plutonium were tabulated as the percent of total activity.

5.3  Contributorsto Uncertainty in Reported Releases

Following detailed review of past X-10 effluent sampling and monitoring practices, anumber of factors
wereidentified that could possibly have contributed to the overal uncertainty of X-10'sreported releases
of radionuclidesto variousdegrees. Based on thereview of available White Oak Dam monitoring records
and independent reconstruction of rel easetotalswherefeasible, it was determined that X-10'sreported
releases should serve asthe starting point for eval uation of past rel ease quantities. Thisdecisonwasaso
influenced by the fact that only asmall fraction of the basic monitoring data (i.e., weekly records of curies
released over White Oak Dam) for the period of interest were located by the project team. The mgjority
of these records could not be obtained from X-10 records custodians, and could not be located during
directed and systematic document searches of numerous repositories. Without a more compl ete record
of these measurements, independent reconstruction of release quantities from basic datawould not be
feasblefor themgority of the period from 1944 through 1991. For each of the contributors to uncertainty
described in thefollowing sections, uncertainty factorswere devel oped and applied to the reported releases
to correct for or represent identified errors, biases, and uncertainties as a function of time.

5.3.1 Uncertainty Due to X-10's Retrospective Calculation of Gross Beta Releases (1944-1947)

Asdescribed in Section 5.2.2, the X-10 staff estimated gross beta concentrations for 1944 through 1947
using an average of theratios of annual average gross beta concentrationsto the annual average gamma
doserates measured by thelarge container/small container method. Whilethe X-10 personnel useda
constant ratio, the annual ratios were known to vary over the 13 years analyzed (see Table 5.1). The
uncertainty from the use of aconstant ratio in the back-cal cul ation method was estimated by quantifying
the fluctuation of the annud reatiosover the 13 years. Asshownin Table5.1, dl observationsfell between
themean ratio and stlandard deviation, which suggested that usng anormal distribution with the samemean
and +2 timesthe standard deviation would yield adigtribution for the valuesthat would contain al observed
ratiosin Table5.1. Theincreased rangewould also account for the uncertainty in the extrapol ation of the
data from 1945 through 1960 to the 1944 through 1947 period.

5.3.2 Uncertainty Dueto Scaling of Flow Rates from the Little Chestuee (1944-1947)

After the annual-average gross-beta concentrations for each year from 1944 through 1947 were back-
caculated, the X-10 personnd multiplied them by the corresponding annua -average flow rates measured
at White Oak Dam. However, flow ratesfor White Oak Lake at White Oak Dam were also unavailable
for thisperiod. To compensatefor this, the Hedlth Physics Division contracted with the USGSto estimate
White Oak Dam flow rates based on flow ratesfrom asimilar surface water system. Thisprocess, called
“scaling,” isa common method for estimating flow rates from one surface water system to another.



TASK 4 REPORT
Radionuclide Releases from X-10 to the Clinch River - July 1999
Estimation of Quantities Historically Released Page 5-15

The estimation of flow rates of White Oak Creek at White Oak Dam via scaling of measurements from
another surface water system was conducted as follows:

Quoc ™ Qq x e
AG
where:
Quwoc = Predicted flow rate of White Oak Creek (ft* s?),
Qs = Measured flow rate at gauging station on the other surface water
system (ft3 s?),
Ajoc = White Oak Creek catchment area (mi?), and
As = Catchment area of the other surface water system (mi?).

TheUSGSselected the Little Chestuee River near Cleveland, Tennesseefor scaling purposes, because
the Little Chestuee had asimilar drainage area and geographical setting to that of White Oak Creek and
daily flow ratesfor this sysem were availablefor the period in question.! However, scaled flow ratesfrom
the Little Chestuee River are not exact representations of actua flowsdischarged at White Oak Lake.
Factors that influence differences between actual measured flow rates and scaled flow rates include
precipitation differences, White Oak Creek’ sreception of daily effluentsfrom X-10's settling basin, and
the manipulation of White Oak Dam’ s flow gates for the control of the releases of radioactivity.

In order to estimate the associated uncertainties, scaled flow ratesfrom the Little Chestuee River were
compared to actual measured White Oak Lake dischargesfor periods when both measurements were
available (1953 through 1955 and calendar year 1961). The ratios of daily and annual flow were
caculated by dividing measured White Oak Dam flows by White Oak Dam flow scaled from the Little
ChestueeRiver. Vauesof thedaily ratiosareplotted in Figure 5.3. Theresultssuggest that flow rates
scaled from the Little Chestuee River had atendency to under- predict the actua flow rates discharged at
White Oak Lake (see Figure5.3). On anannual basis, the scaled flow rates ranged between 72 and 75
percent (most likely 74%) of the measured flow rates. A correction factor was applied to the reported
annual releases, ranging between 1.33 to 1.38 and described by atriangular distribution with amost likely
value of 1.35.

1 Personal communication between Brian Caldwell of the project team and Bryan Bradley, Subdistrict Chief
of the Water Resources Division, USGS. June 1996.
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5.3.3 Uncertainty Due to Non-Proportional Sampling (1944-1960)

As presented earlier in this section, starting in 1947, daily gross beta concentrations were cal culated based
on anayses of grab samplestaken at White Oak Dam. Grab sampling can be asignificant contributor to
theoverall uncertainty of reported rel easesif contaminant concentrationsin the effluent changesignificantly
between sampling periods, or if wastes are released in batches. In contrast, flow-proportional sampling
would sample larger volumes during periods of high stream flow to account for the increased totd discharge
of radionuclides compared to the periods of lower flow at the dam.

Andysisof thedaily grossbeta concentrationsreved ed that concentrationsreleased over White Oak Dam,
from the 1953-1956 time period, did not fluctuate significantly over short time periods. Eventhough the
White Oak Creek watershed reduced thelikelihood of significant fluctuationsin concentrations rel eased
over thedam, it wasfelt that an uncertainty factor should be evaluated. The datawas not availableto
compare concentration measurements based on proportiona sampleswith concentrations estimated based
ongrabsampling. Tocompensatefor this, measured gross beta concentrations and measured flow rates
were used to generate simulated proportionally sampled concentrations to support evaluation of the
potential impacts of grab sampling. The data used for thisanalysisincluded thefirst half of 1953, the
second haf of 1955, complete calendar years 1954 and 1956, and flooding eventsin 1948. Weekly grab
sampled concentrationswere compared to S mulated proportiona sample concentrationsbased on thedaily
measured flow rates and volumes sampled.

Thesmulated proportiona concentrationsweredivided by the grabb-sampled concentrationsto calculate
monthly ratios. Theresultsof thisandyssareshownin Table5.2. The monthly ratios generated for these
periodsindicated that grab sampled concentrations may have under or over predicted the true gross beta
concentrations. However, the degrees of over or under prediction were small enough that the annual
average concentration used to ca culate annua gross betarel eases would have been dmost the same using
ether technique. However, it was concluded that the variability associated with the monthly concentration
should beincluded asan uncertainty factor to account for thelack of flow proportiona sampling. Thegrab
sampling factor was specified asatriangular distribution to reflect therange of ratios observed during the
test period. Thetriangular distribution ranged between 0.76 (the minimum observed ratio) and 1.32 (the
maximum observed ratio), with amost likely value of 1.

In 1959, a proportional stream sampler was installed and tested at White Oak Dam. 1n 1960, the
proportiona sampler became operationa and was used on aregular basis to sample White Oak Dam
effluent. For thisreason, theuse of thisuncertainty factor for grab sampling was not required after 1961.
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Table5.2  Comparison of grab sample to simulated proportional sample concentrations.

Total grab Total
Period of sample simulated

data conc. prop. conc. Annual Average  Standard Minimum Maximum

collection (ng mL™Y) (ngmL™ ratio ratio deviation ratio ratio

1948 floods  1.73 x 10* 1.68 x 10* 0.97 0.97 0.06 0.86 1.01

1954 5.49 x 10* 5.84 x 10* 1.07 1.05 0.11 0.90 1.33

1953-5 3.73x 10* 3.70 x 10* 0.99 0.99 0.11 0.77 1.26

1956 6.64 x 10* 6.57 x 107 0.99 1.00 0.05 0.93 1.10

5.3.4 Variability Due to Laboratory Processing of Effluent Samples (1944-1991)

Another contributor to theoveral uncertainty of the reported rel ease total swasthe laboratory processing
used to prepare samplesfor analysis. The processfor determining the radioactivity in each water sample
involved several steps. Once the sample wastaken at White Oak Dam, it was transported to the Area
Monitoring laboratory for severa anayses, one of which was gross-betaradioactivity determination. The
aliquot used to determine the gross beta concentration was mounted on awatch glass and evaporated to
dryness. Thiswatch glasswasthen placed on aselected shelf of acdlibrated radiation detection system,
which then quantified the amount of radioactivity present. Varigbility in thediquot volume, the evgporation
step, and the mounting techniqueintroduced some degree of uncertainty inthefinal resultsof thegrossbeta
determination. An X-10 internal analysis of these early standard laboratory processing techniques,
conducted in 1945 (Clinton Laboratories, 1946), was utilized to determine the uncertainty with these
techniques.

The studies conducted by X-10 personnd compared theandyticd resultsfrom an andysisof strontium and
barium from different technicians, who had never previously conducted the analysis. Based on an
evaluation of the studies conducted by X-10 personnel, it was concluded that the referenced study was
applicablefor obtaining afactor for the uncertainty dueto laboratory processing. When thetechnicians
laboratory results were plotted as histograms, the distributions approximated normal distributions. The
details and statistics of the results are shown in Table 5.3.

Therelative differences between the upper 97.5" percentile and the mean for strontium and barium were
calculated, and theresultswith thelargest percent difference were selected for defining the uncertainty
factor. The extraction processfor barium had the larger percent difference, a + 4.7 percent. Anincreased
uncertainty range was not applied, since the experimentsinvolved inexperienced technicians, and the
uncertainty would be expected to be small when experienced technicianswere used. Also, the maximum
percent difference was applied to the annual gross beta estimates, which would then apply to all
radionuclides under study.
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Table5.3  Variability of results from laboratory processing.

Barium Strontium
M easur ement M easur ement
(mg) (mg)
82.1 103
85.8 107
86.0 108
86.5 109
86.9 109
86.9 110
87.1 110
87.8 110
88.3
88.7
89.3
90.1
Statistics
Average 87.1 108
Std. Deviation 2.06 2.39
97.5" percentile! 92.2 113
% variation® 0.0471 0.0463

! Estimated assuming normal statistics
2 Percent variation calculated as 1 - (97.5™ percentile/ Average)

Since the laboratory processing techniques utilized by X-10 to determine the gross beta radioactivity
present did not change dramaticaly throughout the history of X-10 operations, this uncertainty factor was
applied to each year from 1944 through 1991. The factor was applied to the annua reported gross beta
curierdeases asanormally distributed function with the + 4.7 percent differences representative of the
95% subjective confidence interval..

5.3.5 Random Uncertainty Inherent in Counting Radioactive Decays (1944-1991)

Determination of the radioactivity present in an effluent sample analyzed at X-10 dso had some degree of
uncertainty associated with it, from the variability associated with counting each daily sample. Severa
factorswould have contributed to the overd| variability, including the random nature of radioactive decay
and the savera steps performed during the laboratory processing of samples. Asdiscussed inthe previous
section, oneof thereportsdocumented two separate anaysesto determinethevariability introduced from
using two separate technicians during the laboratory processing. The same document was then used to
guantify the uncertainty due to counting variability.

After eachtechnician performed the gppropriate sampl e processing, they quantified theradioactivity present
using the same standard calibrated counting equipment. Again, the two sets of counting data were plotted
asahistogram, and the results gpproximated anormd distribution. A component of the uncertainty andyss
inradiometric analys sarisesfrom the random uncertainty inherent in counting radioactive decays. In other
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words, thereisuncertainty involved in estimating the radioactivity of asampleif the counting timeisnot
sufficient to provide astable estimate of radioactivity. Thelower theradioactivity, thelonger thetime
needed for counting. Datafrom counting of radioactive samplesby different techniciansfrom CN-1312
(Clinton Laboratories, 1946) are presented in Table 5.4.

Table5.4 Variahility of results from counting radioactive decays.

Barium Strontium
M easur ement M easur ement
(counts/min) (counts/min)
1095 3065
1026 2925
1053 2800
1098 2895
1160 3010
953 2915
1115 3350
1085 2645
1000
1045
1190
Statistics
Average 1075 2951
Std. Deviation 68.8 206
97.5" percentile! 1212 3363
% variation? 12.8 14.0

! Estimated assuming normal statistics
2 percent variation calculated as 1 - (97.5™ percentile/ Average)

Assuming that the counting variability was represented by anormal distribution, the mean and standard
deviation for both datasets were cal culated to determine the individual 95™ percent confidenceintervals
astheregion contained within two standard deviations on either sde of the mean. The corresponding two
standard deviationsfor barium and strontium represented 13 and 14 percent of their respective means.
Thelarger value of 14 percent, from the strontium data set, was selected asthe basisfor an uncertainty
factor. A normal distribution with lower and upper limits of 0.86 and 1.14, respectively, of a 95%
confidenceinterval, was chosen asrepresentative of the uncertainty. Thisfactor was applied to thegross
beta estimate for every year from 1944 through 1991.

5.3.6 Uncertainty with Counting Efficiencies of Measurement Systems (1944-1958)

Another uncertainty identified and quantified was associated with the radiation detection system used by
X-10. Specificdly, the uncertainty of the efficiency (or thefraction of disntegrationsin aradioactive sample
that are detected) of the detection system which resultsin anumber of “counts’ wasquestioned. Thesingle
channel andyzer system utilized by X-10 personnd was assumed to have an efficiency of 10 percent (i.e,
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the analyzer recorded one* count” for every 10 disintegrations). Thisefficiency was based on the use of
uranyl nitrate hexahydrate (UNH) solution asacalibration standard for the detection system. The UNH
cdibration solution had an averageenergy of approximately 400 keV, which was assumed to gpproximate
the average energy of radiations from White Oak Lake effluent. It was verified that the average beta-
particle energy of White Oak Lake effluents fluctuated around 400 keV for the first fifteen years of
operation, based on an analysis of severa isotopic distributions. Therefore, the UNH solution was a
reasonable calibration source until 1959, when large amountsof ruthenium-106 leached from waste pits
and entered White Oak Lake, changing the average energy of White Oak Lake effluent. However, based
on technician logbooks containing genera information on the X-10 counting systems, theefficiency of the
single channd analyzer used by the AreaMonitoring Group fluctuated on adaily basis. Therefore, using
anassumed congtant efficiency factor of 10 percent for gross-beta determinations would have contributed
to the overall uncertainty of reported release quantities.

The variability of the counting efficiency listed in the technician logbooks were used to estimate the
uncertainty introduced by using a constant efficiency factor. Theinformation contained in these logbooks
showed that actua detector efficiency for the 1944-1958 time period ranged between 9 and 11 percent.
Becauseefficiency factors are used in the denominators of equationsto cal culate quantities of radioactivity
present, the uncertainty factor associated with the 9 to 11 percent actua detector efficiency would range
between 0.9 and 1.1. A uniform distribution between 0.9 and 1.1 was used for thisfactor.

Duetothelargeamounts of ruthenium-106 leaching from waste pitsto White Oak Creek in 1959, the Area
Monitoring Group selected different calibration sourcesand cal culated new efficienciesfor the counting
equipment on aweekly basis to approximate the average energy of the White Oak Lake effluent. The
uncertainty dueto counter efficiency becamerdatively inagnificant with the selection of different cdibration
sources and re-calibration of the counting equipment for each determination.

5.3.7 Uncertainties with Flow Measurements from Calibrated Weirs (1948-54 and 1961-91)

Aspreviousy mentioned, flow ratesat White Oak Dam were unavailablefor the 1944-1947 time period.
However, flow rates at White Oak Dam after 1947 were regularly monitored by X-10 personnel and/or
the USGS based on measurements taken with calibrated weirs. Historica flow rates measured by X-10
personnel wereonly sporadically located, except for acontinuous daily record of flows obtained from
1971-1977. However, periods of continuous records of White Oak Dam flow rates were available
through the USGS. One exception to this occurred between 1955-1960, when White Oak Lake was
drained.

The accuracy of recorded flow rate measurementsintroduces another contributor to the overdl uncertainty
when cal cul ating radioactive rel eases from White Oak Lake. Fortunately, when the USGS records flow
rateinformation, it aso publishes the corresponding estimated percentage error with these measurements.
Flow records designated with a qualifier of excellent were treated as within 5 percent of the “true”
discharge, thosewith aqualifier asgood weretreated aswithin 10 percent of the“true” discharge, and flow
recordsdesignated with afair qualifier weretreated aswithin 15 percent of the“true” discharge at a95%
confidencelevel (USGS, 1993). Flow recordsthat do not meet the USGS criteriawere rated as poor.
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When available, these reported ratingswere utilized to quantify the uncertainty associated with discharge
measurements.

From 1953-1955, flow measurements taken at White Oak Dam were qualified as good, except for high
flow periods (150 cfs or above), which were qualified as fair. For the period 1960-1962, flow
measurements by the USGS were quaified as good, except for those flows measured between April
through July, whichwere quaified asfair. The uncertainties corresponding to the two qualifierswere
combined on an annual bas's, based on the contribution of each type of qudifier to theannua volume, to
estimate a single uncertainty factor each year.

Inorder to estimate annua frequencies of high-flow periods (above 150 cfs) and normal flow periodsfor
1948 through 1952, flow records from the USGS (1953-1955; 1961-1964) were utilized. The total
annual water volumesattributed to each measurement quality case, intermsof an annual frequency, were
caculated for both high flow periods (over 150 cfs) and normal flow periodsfor the 1953-1955 and 1960
1964 timeperiods. Theaveragefrequency of high flow periodsthus cal cul ated was assumed to represent
the 1948-1952 time period. The remaining percentage was used as the norma flow percentage for this
timeperiod. Theseflow condition frequencieswere combined annually, weighted by the annual average
contribution of each qualifier, to estimate the annual flow uncertainty for 1948 to 1952.

Fow rates required to over-top the pilings of White Oak Dam were estimated using the document written
by Kochtitzky and Setter (1950a; b). This document provided rating curves that could be used to
determineflow ratesthat corresponded to White Oak Dam gate heights. When thedam gatewasat its
highest, theflow required to over-top the pilingswas 150 cubic feet per second (cfs). Sufficient datawere
not availableto evaluate the ratings made at White Oak Dam beyond 1963, and therefore ratings of flow
from 1964-1991 were assumed to have an uncertainty equal to the magnitude reflected by therating in
1963 (plus or minus 10 percent uncertainty). However, it should be noted that flow measurements beyond
1983, when significant improvementswere made to the flow measuring equi pment installed when White
Oak Dam was renovated and the spillway locations changed, are expected to be extremely accurate.

5.3.8 Uncertainties with Flow Measurements While White Oak Lake was Drained (1955-1960)

During 1955, White Oak Lake was drained by X-10 personnel, in aprocess that lasted approximately
three months. Asaresult White Oak Creek flowed through the open dam gates from mid-1955 to mid-
1960. Whilethisuninhibited flow could not be measured accurately at White Oak Dam, X-10 personnel
estimated the daily flow by combining the measured flow of White Oak Creek (above the dam and above
the confluencewith Melton Branch) and theflow of Meton Branch from dataavailablefrom 1960 through
1962. During periods of precipitation, thiscombined flow wasmultiplied by 1.16 to compensatefor the
drainage areabetween Medton Branch and White Oak Dam (Struxness, 1960). To estimatethe uncertainty
with these flow rate estimates, two separate series of comparisons were made using the available 1960-
1962 daily USGSdata. Firgt, the smple combinationsof White Oak Creek and Melton Branch discharges
were compared to the measured White Oak Dam dischargeson adaily basis. Thiscomparison illustrated
the uncertainty in predicting White Oak Dam flows without compensating for precipitation differences.

Measured daily White Oak Dam dischargeswerethen compared with the daily combination flow estimates
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corrected for precipitation differencesusing thefactor of 1.16. Thissecond set of comparisonsillustrated
the uncertainty in predicting White Oak Dam flows with precipitation differences considered.

It was assumed that al flowsthat averaged over 15 cfsoccurred dueto precipitation events. This15 cfs
wasabench mark based on the annual average flow rate measured at White Oak Dam, and therefore any
flowsgreater than thisannua averagewere assumed to have been caused by precipitation. For every daly
flow measured at White Oak Dam that was above 15 cfs during the period that the lake was drained, the
combination flow (from White Oak Creek and Melton Branch) for that day was multiplied by 1.16 before
cdculating thedally ratio. Each estimated daily flow rate was compared to the measured daily White Oak
Damdischarge, and thetota annua volume of each flow estimate was compared with the measured annual
total volume.

Theannud averagesof dally flow ratios of measured to estimated flow rates from the comparisonsincluding
correction for precipitation, consistently averaged 1.07, and for the uncorrected combination flow ratios
they consistently averaged 1.16. Thus, the uncorrected flow rates are associated with upper-bound
estimates of uncertainty, having consistently under predicted White Oak Dam flows by 16 percent. The
actual value of theratio is expected to be somewhere between 1.07 and 1.16. Since direct measurement
datawerenot not availablefrom the period of interes, itispossiblethat X-10'sestimated flow rates may
have predicted White Oak Dam'’ sflow closer to aratio of one. Therefore, an uncertainty factor to account
for the uncertainty introduced in the reported releases was applied by using a triangular distribution
between 1.00 and 1.16, with amost likely value of 1.07.

5.4 Estimation of Quantities of Radionuclides Historically Released

Eight uncertainty or correction factorswere specified by the project team for application to the reported
annual releasetotals. Their identity and periods of application are depicted in Table 5.5.

Theannual curiereleasesreported by the X-10 personnel were reproduced, thus validating the protocols
and methods utilized by X-10 personnel to calculate annual releases. The sources of uncertainties were
also identified and quantified with the protocols and methods presented in Section 5.3 in an effort to
generate arange of possiblereleasesfor each year through uncertainty analysis. The next processwasto
apply the corresponding factors, as estimated above, to the reported gross beta curie releasesin order to
generate arange of possible releases for each year. The uncertainties associated with the individual
uncertainty or correction factors were propagated to the source term using Monte Carlo simulation with
Latin Hypercube Sampling. The Task 4 source term cal culations generated 1000 alternate annua gross
beta curie releases, using the equation described below:

Result = (Reported Value) x (CF,) x (CF,) .... etc.

Where CF,, represents one of the successive uncertainty or correction factors described above
and listed in Table 5.5.
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Table5.5  Summary of applicability of uncertainty or correction factors

Y earsof Applicability of Associated Factor

Sour ce of Uncertainty or Bias
1944-47 | 1948-54 | 1955-58 | 1959-60 | 1961-91

Back-fitting of gross beta releases X

based on gamma measurements

S(l:aling of early Creek flows from the X

Little Chestuee

Creek flow rate measurements X X
Flow estimation when Lake drained X X
Non-proportional sampling X X X X

Laboratory processing X X X X X
Detector efficiency X X X

Counting statistics X X X X X

Following each simulation, the 2.5™ and 97.5" percentile values were used as the lower and upper
confidence bounds on the gross beta curiesreleased, respectively. Themedian (50th percentile) value of
each iteration was selected as the central estimate of gross beta curies released.

After dl forty eight years of releases were estimated using the appropriate uncertainty and correction
factors, the lower bound, central value, and upper bound curie rel ease values were distributed among
eleven isotopes. A discussion of this distribution is provided in the next section.

Apportionment of Radioactivity to Specific Radionuclides

The procedures outlined in Section 5.2.3 by which X-10 personnd distributed radioactivity among severd
isotopes was common practice before the age of environmental gamma spectroscopy. |sotopic anayses
were conducted monthly and considered separation efficiency, energy differences, decay correction (when
necessary), self absorption, back scattering, and detector efficiency. The chemical separationswere aso
improved, asmore research and devel opment of these processes became availablefrom X-10. Fromthe
documentation collected, sporadic monthly isotopic analysesfrom 1944-1947, and from 1953-1956 and
1959-1960, it was concluded that the procedures were vaid and the reported i sotopic percentages were
the best available. Therefore, the isotopic-specific fractions reported (for individual isotopes or
radionuclides), starting in 1949, were used to distribute the estimated gross beta radioactivity among
individual radionuclides for the years 1949 to 1991.
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However, dueto lack of datain isotope-specific fraction for the 1944-1948 period, another method had
to be used to apportion the annual gross beta estimatesfor these yearsamong individual radionuclides.
Even though isotopi ¢ distributions were not conducted on aregular basis before 1949, severa reports of
sporadic monthly composite analyses for the 1944-1948 period were obtained. These reports were
incompl ete, sometimescontaining only four isotopes and other times containing up to 13isotopes, but they
provided valuable datafrom these early years. It was decided to develop amethod that would include the
historical relevance of early distributionsand would a so account for the numerous uncertaintieswith the
incomplete record for thistime period. A range of values representing the fraction of each isotope
contained intherel easeswas devel oped in order to distribute the annual grossbetareleases. Available
distributions between 1944-1947 and the annud isotopic distributions reported from 1949-1952 were used
to develop theserangesof values. Annual isotopic fractionsfrom 1949-1952 wereincluded inthisandysis
dueto the proximity in time (to the 1944-1949 period) and due to the similarity of the procedures and
methods employed during the two periods. The annual isotopic fractions from this period were also
compared to the individual isotopic fractions reported between 1944 and 1947.

Therangefor any radionuclide was defined from the minimum and maximum vaues of theisotopic fraction
of that radionuclide reported during the 1944-1952 timeperiod. A uniform distribution was selected for
each radionudide using the minimum and maximum fractions reported during the 1944-1952 period. Table
5.6 presentsthe minimum and maximum val ues of theisotopic fraction of each radionuclide used for the
1944-1949 period. Annud estimates of the amount of each radionuclide rel eased was then obtained by
multiplying the gross betare eases by the uniform distributions assigned to thefraction of that radionuclide.

Table5.6 Range of isotopic fractions used to apportion the gross beta releases among individual
radionuclides during the 1944-49 period using a uniform distribution.

Minimum Fraction Maximum Fraction
Radionuclide of Gross Beta of Gross Beta
14Bg 0.01 0.17
®Nb 0.01 0.54
gy 0.15 0.34
%7y 0.15 0.40
Bics 0.05 0.52
13 0.01 0.18
1%Ru 0.07 0.18
TRE! 0.11 0.16
#ce 0.01 0.11
Bics 0.006 0.082

!Total Rare Earths
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Details regarding the methods and data used by the project team to apportion gross beta rel eases from
1944 through 1948 to specific radionuclides based on isotopic measurements from 1944 through 1952 are
presented in Appendix 5D. That gppendix aso presentsthe results of an evaluation performed to confirm
the annual isotopic percentages reported by X-10 personnel after 1948.

55 Resultsand Sensitivity Analysis

Results of the Task 4 evaluation of the quantities of radionuclides historicaly released from White Oak
Creek tothe Clinch River arepresentedin Table 5.7. A sensitivity analysiswas performed to determine,
for eech year, thefactorsthat contribute significantly to the uncertainty inthe estimate of theannua release
rate. Table5.8 presentsthe three most significant contributorsto uncertainty for 1944-1947. Ingenerdl,
the dominant contributorsto uncertainty in the sourceterm were (1) back-fitting of gross betarel eases
based on gammameasurements prior to 1947, (2) nonproportional, grab sampling conducted between
1944 and 1960, and (3) flow rate measurements.



Table5.7 Independently Estimated Releases from White Oak Creek (Ci)* Pegelof 3
Gross Beta Cs137 Ru-106
25 Centra 975 25 Centra 975 25 Centra 975
Y ear Percentile Value Percentile | Percentile Value Percentile | Percentile Value Percentile
1944 3.2E+02 8.4E+02 1.4E+03 2.9E+01 1.4E+02 3.3E+02 2.3E+01 6.5E+01 1.3E+02
1945 2.8E+02 6.9E+02 1.2E+03 2.6E+01 1.1E+02 2.8E+02 1.8E+01 5.4E+01 1.1E+02
1946 5.2E+02 1.3E+03 2.2E+03 5.0E+01 2.0E+02 5.1E+02 3.5E+01 9.5E+01 2.1E+02
1947 1.2E+02 2.8E+02 4.7E+02 8.5E+00 4.4E+01 1.1E+02 7.3E+00 2.1E+01 4.7E+01
1948 3.7E+02 5.1E+02 7.0E+02 2.2E+01 8.8E+01 1.7E+02 2.0E+01 3.9E+01 7.0E+01
1949 5.3E+02 7.4E+02 1.0E+03 5.7E+01 8.0E+01 1.1E+02 8.1E+01 1.1E+02 1.6E+02
1950 1.4E+02 2.0E+02 2.7E+02 1.4E+01 2.0E+01 2.7E+01 1.7E+01 2.4E+01 3.2E+01
1951 7.5E+01 1.0E+02 1.4E+02 1.5E+01 2.1E+01 2.8E+01 1.3E+01 1.9E+01 2.6E+01
1952 1.6E+02 2.2E+02 3.0E+02 7.3E+00 1.0E+01 1.4E+01 1.1E+01 1.6E+01 2.1E+01
1953 2.4E+02 3.1E+02 4.1E+02 5.0E+00 6.6E+00 8.7E+00 2.0E+01 2.7E+01 3.5E+01
1954 3.0E+02 4.0E+02 5.2E+02 1.7E+01 2.3E+01 3.0E+01 8.7E+00 1.1E+01 1.5E+01
1955 3.6E+02 4.8E+02 6.4E+02 5.2E+01 7.0E+01 9.2E+01 2.6E+01 3.4E+01 4.5E+01
1956 4.8E+02 6.4E+02 8.6E+02 1.4E+02 1.9E+02 2.5E+02 2.4E+01 3.2E+01 4.3E+01
1957 3.3E+02 4.4E+02 5.8E+02 7.4E+01 9.9E+01 1.3E+02 5.0E+01 6.7E+01 8.8E+01
1958 4.5E+02 6.0E+02 8.0E+02 4.6E+01 6.1E+01 8.1E+01 3.5E+01 4.7E+01 6.2E+01
1959 7.8E+02 1.0E+03 1.3E+03 6.3E+01 8.4E+01 1.1E+02 4.3E+02 5.7E+02 7.5E+02
1960 1.8E+03 2.4E+03 3.1E+03 2.6E+01 3.4E+01 4.4E+01 1.6E+03 2.1E+03 2.7E+03
1961 1.9E+03 2.2E+03 2.6E+03 1.3E+01 1.5E+01 1.7E+01 1.7E+03 2.0E+03 2.3E+03
1962 1.2E+03 1.4E+03 1.7E+03 4.8E+00 5.6E+00 6.5E+00 1.2E+03 1.4E+03 1.6E+03
1963 4.0E+02 4.7E+02 5.4E+02 3.1E+00 3.6E+00 4.2E+00 3.7E+02 4.3E+02 5.0E+02
1964 2.0E+02 2.3E+02 2.7E+02 5.2E+00 6.1E+00 7.0E+00 1.6E+02 1.9E+02 2.2E+02
1965 8.1E+01 9.5E+01 1.1E+02 1.8E+00 2.1E+00 2.4E+00 5.9E+01 6.9E+01 8.0E+01
1966 4.1E+01 4.8E+01 5.5E+01 1.4E+00 1.6E+00 1.8E+00 2.5E+01 2.9E+01 3.3E+01
1967 3.4E+01 4.0E+01 4.6E+01 2.3E+00 2.7E+00 3.1E+00 1.5E+01 1.7E+01 2.0E+01
1968 1.4E+01 1.6E+01 1.9E+01 9.5E-01 1.1E+00 1.3E+00 4.3E+00 5.0E+00 5.8E+00
1969 1.1E+01 1.3E+01 15E+01 | 8.5E-01 9.9E-01 1.1E+00 | 1.7E+00 2.0E+00  2.3E+00
1970 1.2E+01 1.4E+01 1.6E+01 1.8E+00 2.0E+00 2.4E+00 8.8E-01 1.0E+00 1.2E+00
1971 7.7E+00 9.0E+00 1.0E+01 | 8.5E-01 9.9E-01 1.1E+00 | 4.2E-01 5.0E-01 5.7E-01
1972 1.3E+01 15E+01 1.7E+01 | 1.7E+00 2.0E+00 2.3E+00 | 4.4E-01 5.1E-01 5.9E-01
1973 9.6E+00 1.1E+01 1.3E+01 | 1.7E+00 2.0E+00 2.3E+00 | 6.0E-01 7.0E-01 8.1E-01
1974 6.8E+00 8.0E+00 9.2E+00 | 8.6E-01 9.9E-01 1.1E+00 1.7E-01 2.0E-01 2.3E-01
1975 7.7E+00 9.0E+00 1.0E+01 | 5.3E-01 6.2E-01 7.2E-01 2.7E-01 3.2E-01 3.6E-01
1976 5.5E+00 6.4E+00  7.4E+00 1.8E-01 2.0E-01 2.4E-01 1.8E-01 2.0E-01 2.4E-01
1977 3.2E+00 3.8E+00  4.4E+00 1.7E-01 2.0E-01 2.3E-01 1.7E-01 2.0E-01 2.3E-01
1978 23E+00 2.7E+00 3.1E+00 | 2.3E-01 2.8E-01 3.2E-01 1.6E-01 1.8E-01 2.1E-01
1979 2.6E+00 3.0E+00  3.5E+00 1.7E-01 1.9E-01 2.2E-01 8.3E-02 9.6E-02 1.1E-01
1980 21E+00 25E+00 2.9E+00 | 5.0E-01 5.9e-01 6.8E-01 | 0.0E+00 0.0E+00  0.0E+00
1981 2.1E+00 25E+00  2.9E+00 1.7E-01 2.0E-01 2.3E-01 8.2E-02 9.8E-02 1.1E-01
1982 47E+00 55E+00 6.3E+00 | 1.3E+00 1.5E+00 1.8E+00 1.7E-01 2.0E-01 2.4E-01
1983 3.2E+00 3.8E+00 4.4E+00 | 1.0E+00 1.2E+00 1.4E+00 1.7E-01 2.0E-01 2.3E-01
1984 3.2E+00 3.7E+00 4.3E+00 | 5.2E-01 6.1E-01 7.1E-01 1.8E-01 2.0E-01 2.4E-01
1985 34E+00 4.0E+00 4.6E+00 | 3.4E-01 4,0E-01 4,6E-01 5.8E-03 6.8E-03 7.8E-03
1986 2.9E+00 3.4E+00 3.9E+00 8.7E-01 1.0E+00 1.2E+00 0.0E+00 0.0E+00 0.0E+00
1987 1.7E+00 2.0E+00 2.3E+00 | 5.3E-01 6.2E-01 7.1E-01 | 0.0E+00 0.0E+00  0.0E+00
1988 14E+00 1.6E+00 1.8E+00 | 3.5E-01 4,0E-01 48E-01 | 0.0E+00 0.0E+00  0.0E+00
1989 3.6E+00 4.2E+00 4.8E+00 1.0E+00 1.2E+00 1.4E+00 0.0E+00 0.0E+00 0.0E+00
1990 3.7E+00 4.3E+00 5.0E+00 9.3E-01 1.1E+00 1.3E+00 0.0E+00 0.0E+00 0.0E+00
1991 3.8E+00 4.5E+00 5.2E+00 1.5E+00 1.7E+00 2.0E+00 0.0E+00 0.0E+00 0.0E+00
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Table5.7 Independently Estimated Releases from White Oak Creek (Ci)* Pege2of 3
Sr-90 Co-60 Cel144
25 Centra 975 25 Centra 975 25 Centra 975

Y ear Percentile Value Percentile | Percentile Value Percentile | Percentile Value Percentile
1944 4.4E+01 1.2E+02 2.6E+02 0.0E+00 0.0E+00 0.0E+00 5.5E+00 2.9E+01 7.8E+01
1945 3.8E+01 1.0E+02 2.3E+02 0.0E+00 0.0E+00 0.0E+00 5.1E+00 2.4E+01 6.4E+01
1946 6.8E+01 1.9E+02 3.9E+02 0.0E+00 0.0E+00 0.0E+00 8.5E+00 4.9E+01 1.2E+02
1947 1.6E+01 4.1E+01 8.3E+01 1.1E+00 6.8E+00 2.0E+01 1.8E+00 9.4E+00 2.7E+01
1948 4.2E+01 7.6E+01 1.3E+02 2.5E+00 1.3E+01 3.0E+01 3.8E+00 1.9E+01 4.1E+01
1949 1.1E+02 1.6E+02 2.1E+02 5.5E+00 3.2E+01 6.7E+01 1.3E+01 1.9E+01 2.5E+01
1950 2.8E+01 4.0E+01 5.4E+01 1.5E+00 8.5E+00 1.8E+01 3.5E+00 4.9E+00 6.8E+00
1951 2.1E+01 3.0E+01 4.1E+01 8.0E-01 4.6E+00 9.4E+00 1.9E+00 2.2E+00 2.6E+00
1952 5.3E+01 7.4E+01 1.0E+02 1.7E+00 9.6E+00 2.0E+01 1.7E+01 2.4E+01 3.2E+01
1953 1.0E+02 1.3E+02 1.8E+02 2.5E+00 1.4E+01 2.8E+01 5.2E+00 6.9E+00 9.1E+00
1954 1.1E+02 1.4E+02 1.9E+02 3.1E+00 1.7E+01 3.6E+01 1.9E+01 2.5E+01 3.3E+01
1955 7.7E+01 1.0E+02 1.4E+02 5.4E+00 7.3E+00 9.6E+00 7.0E+01 9.4E+01 1.2E+02
1956 8.3E+01 1.1E+02 1.5E+02 3.8E+01 5.1E+01 6.8E+01 4.8E+01 6.5E+01 8.7E+01
1957 6.9E+01 9.2E+01 1.2E+02 4.0E+00 5.3E+00 7.0E+00 1.1E+01 1.5E+01 1.9E+01
1958 1.2E+02 1.7E+02 2.2E+02 7.2E+00 9.7E+00 1.3E+01 2.5E+01 3.3E+01 4.4E+01
1959 5.0E+01 6.6E+01 8.6E+01 6.4E+01 8.5E+01 1.1E+02 4.0E+01 5.3E+01 6.9E+01
1960 2.4E+01 3.1E+01 4.1E+01 6.0E+01 8.0E+01 1.0E+02 2.2E+01 2.9E+01 3.8E+01
1961 1.9E+01 2.2E+01 2.6E+01 2.7E+01 3.1E+01 3.6E+01 3.8E+00 4.5E+00 5.2E+00
1962 8.0E+00 9.3E+00 1.1E+01 1.2E+01 1.4E+01 1.6E+01 9.9E-01 1.2E+00 1.3E+00
1963 6.4E+00 7.5E+00 8.7E+00 1.2E+01 1.4E+01 1.6E+01 1.3E+00 1.5E+00 1.7E+00
1964 56E+00 6.5E+00 7.6E+00 | 1.3E+01 1.5E+01 1.7E+01 | 2.6E-01 3.0E-01 3.5E-01
1965 29E+00 3.4E+00 3.9E+00 | 1.0E+01 1.2E+01 1.4E+01 | 9.0E-02 1.0E-01 1.2E-01
1966 26E+00 3.0E+00 3.5E+00 | 6.0E+00 7.0E+00 8.1E+00 | 8.6E-02 1.0E-01 1.2E-01
1967 44E+00 5.1E+00 5.9E+00 | 2.6E+00 3.0E+00  3.5E+00 1.7E-01 2.0E-01 2.3E-01
1968 24E+00 2.8E+00 3.2E+00 | 8.6E-01 1.0E+00 1.2E+00 | 2.6E-02 3.0E-02 3.5E-02
1969 25E+00 29E+00 3.4E+00 | 8.4E-01 9.9E-01 1.1E+00 1.7E-02 1.9E-02 2.2E-02
1970 35E+00 4.1E+00 4.7E+00 | 8.7E-01 1.0E+00 1.2E+00 | 5.2E-02 6.2E-02 7.1E-02
1971 25E+00 3.0E+00 3.4E+00 | 8.4E-01 9.9E-01 1.1E+00 | 4.2E-02 4.9E-02 5.7E-02
1972 5.2E+00 6.0E+00 7.0E+00 | 8.6E-01 1.0E+00 1.2E+00 | 2.6E-02 3.0E-02 3.5E-02
1973 59E+00 7.0E+00 8.0E+00 | 8.5E-01 9.9E-01 1.1E+00 1.7E-02 2.0E-02 2.3E-02
1974 5.1E+00 5.9E+00 6.9E+00 | 5.0E-01 5.9e-01 6.8E-01 1.7E-02 2.0E-02 2.3E-02
1975 6.2E+00 7.2E+00 8.3E+00 | 4.4E-01 5.1E-01 59E-01 | 0.0E+00 0.0E+00  0.0E+00
1976 43E+00 5.0E+00 5.8E+00 | 7.7E-01 9.1E-01 1.0E+00 | 0.0E+00 0.0E+00  0.0E+00
1977 25E+00 3.0E+00 3.4E+00 | 3.4E-01 4,0E-01 46E-01 | 0.0E+00 0.0E+00  0.0E+00
1978 16E+00 1.8E+00 2.1E+00 | 3.1E-01 3.7E-01 42E-01 | 0.0E+00 0.0E+00  0.0E+00
1979 20E+00 23E+00 2.6E+00 | 3.2E-01 3.8E-01 44E-01 | 0.0E+00 0.0E+00  0.0E+00
1980 13E+00 15E+00 1.7E+00 | 3.3E-01 3.9E-01 45E-01 | 0.0E+00 0.0E+00  0.0E+00
1981 13E+00 15E+00 1.7E+00 | 5.9E-01 6.9E-01 79E-01 | 0.0E+00 0.0E+00  0.0E+00
1982 2.3E+00 2.7E+00 3.1E+00 8.6E-01 1.0E+00 1.2E+00 0.0E+00 0.0E+00 0.0E+00
1983 18E+00 2.1E+00 24E+00 | 26E-01 3.0E-01 35E-01 | 0.0E+00 0.0E+00  0.0E+00
1984 2.2E+00 2.6E+00  3.0E+00 1.7E-01 2.0E-01 2.3E-01 | 0.0E+00 0.0E+00  0.0E+00
1985 26E+00 3.0E+00 3.5E+00 | 5.1E-01 6.0E-01 6.9E-01 | 0.0E+00 0.0E+00  0.0E+00
1986 16E+00 1.8E+00 2.1E+00 | 4.6E-01 5.4E-01 6.3E-01 | 0.0E+00 0.0E+00  0.0E+00
1987 1.1E+00 1.2E+00 1.4E+00 1.1E-01 1.3E-01 15E-01 | 0.0E+00 0.0E+00  0.0E+00
1988 9.5E-01 1.1E+00 1.3E+00 | 6.1E-02 7.2E-02 8.3E-02 | 0.0E+00 0.0E+00  0.0E+00
1989 24E+00 29E+00  3.3E+00 1.1E-01 1.3E-01 15E-01 | 0.0E+00 0.0E+00  0.0E+00
1990 26E+00 3.1E+00 3.6E+00 | 9.9E-02 1.2E-01 13E-01 | 0.0E+00 0.0E+00  0.0E+00
1991 2.3E+00 2.7E+00 3.1E+00 1.0E-01 1.2E-01 13E-01 | 0.0E+00 0.0E+00  0.0E+00
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Zr-95 Nb-95 1-131
25 Centra 975 25 Centra 975 25 Centra 975
Y ear Percentile Value Percentile | Percentile Value Percentile | Percentile Value Percentile
1944 5.0E+01 1.4E+02 3.1E+02 1.1E+01 1.3E+02 3.3E+02 6.5E+00 4.5E+01 1.3E+02
1945 4.2E+01 1.2E+02 2.4E+02 1.1E+01 1.1E+02 3.0E+02 5.2E+00 3.8E+01 1.1E+02
1946 7.2E+01 2.1E+02 4.4E+02 1.7E+01 2.0E+02 5.2E+02 1.0E+01 6.8E+01 1.9E+02
1947 1.7E+01 4.5E+01 9.3E+01 4.0E+00 4.2E+01 1.1E+02 2.1E+00 1.5E+01 4.1E+01
1948 4.4E+01 8.4E+01 1.5E+02 8.0E+00 8.5E+01 1.7E+02 4.8E+00 2.9E+01 6.6E+01
1949 1.3E+02 1.9E+02 2.5E+02 1.6E+01 2.3E+01 3.2E+01 5.7E+01 8.0E+01 1.1E+02
1950 1.1E+01 1.5E+01 2.1E+01 3.1E+01 4.3E+01 6.0E+01 1.4E+01 2.0E+01 2.7E+01
1951 3.4E+00 4.7E+00 6.4E+00 1.6E+00 2.2E+00 3.0E+00 1.3E+01 1.9E+01 2.6E+01
1952 1.4E+01 2.0E+01 2.7E+01 1.3E+01 1.9E+01 2.6E+01 1.5E+01 2.1E+01 2.8E+01
1953 5.9E+00 7.8E+00 1.0E+01 2.8E+00 3.8E+00 5.0E+00 1.7E+00 2.2E+00 2.9E+00
1954 1.1E+01 1.4E+01 1.9E+01 7.2E+00 9.5E+00 1.2E+01 2.7E+00 3.6E+00 4.7E+00
1955 4.3E+00 5.8E+00 7.7E+00 4.7E+00 6.3E+00 8.3E+00 5.8E+00 7.8E+00 1.0E+01
1956 1.0E+01 1.4E+01 1.8E+01 1.2E+01 1.7E+01 2.2E+01 2.9E+00 3.9E+00 5.2E+00
1957 1.9E+01 2.6E+01 3.4E+01 5.9E+00 7.9E+00 1.1E+01 9.9E-01 1.3E+00 1.8E+00
1958 5.0E+00 6.7E+00 8.8E+00 5.0E+00 6.7E+00 8.8E+00 6.8E+00 9.1E+00 1.2E+01
1959 23E+01 3.0E+01 3.9E+01 | 25E+01 3.3E+01 4.3E+01 | 3.9E-01 5.2E-01 6.7E-01
1960 3.1E+01 4.1E+01 5.3E+01 3.8E+01 5.1E+01 6.6E+01 4.4E+00 5.8E+00 7.6E+00
1961 1.7E+01 2.0E+01 2.3E+01 5.9E+01 6.9E+01 8.0E+01 3.1E+00 3.6E+00 4.1E+00
1962 1.8E+00 2.2E+00 25E+00 | 6.5E+00 7.6E+00 8.8E+00 | 3.1E-01 3.6E-01 4.2E-01
1963 2.8E-01 3.3E-01 3.8E-01 6.0E-01 7.0E-01 8.1E-01 3.6E-01 4.2E-01 4.9E-01
1964 1.4E-01 1.6E-01 1.9E-01 6.0E-02 7.0E-02 8.1E-02 2.4E-01 2.8E-01 3.2E-01
1965 2.8E-01 3.3E-01 3.8E-01 2.8E-01 3.3E-01 3.8E-01 1.7E-01 2.0E-01 2.3E-01
1966 5.8E-01 6.7E-01 7.8E-01 5.8E-01 6.7E-01 7.8E-01 2.1E-01 2.4E-01 2.8E-01
1967 4.1E-01 4.8E-01 5.5E-01 4.1E-01 4.8E-01 5.5E-01 7.9E-01 9.2E-01 1.1E+00
1968 2.3E-01 2.7E-01 3.1E-01 2.3E-01 2.7E-01 3.1E-01 2.6E-01 3.0E-01 3.5E-01
1969 1.7E-01 1.9E-01 2.2E-01 1.7E-01 1.9E-01 2.2E-01 4.2E-01 4.9E-01 5.7E-01
1970 1.8E-01 2.1E-01 2.4E-01 1.8E-02 2.1E-02 2.4E-02 2.6E-01 3.1E-01 3.5E-01
1971 3.4E-02 4,0E-02 4,6E-02 3.4E-02 4,0E-02 4,6E-02 1.5E-04 1.8E-04 2.1E-04
1972 3.5E-02 4,0E-02 4.7E-02 3.5E-02 4,0E-02 4.7E-02 2.6E-01 3.0E-01 3.5E-01
1973 4.2E-02 5.0E-02 5.7E-02 4.2E-02 5.0E-02 5.7E-02 4.2E-01 5.0E-01 5.7E-01
1974 1.7E-02 2.0E-02 2.3E-02 1.7E-02 2.0E-02 2.3E-02 1.7E-01 2.0E-01 2.3E-01
1975 0.0E+00 0.0E+00 0.0E+00 | 0.0E+00 0.0E+00 0.0E+00 | 2.6E-01 3.1E-01 3.5E-01
1976 0.0E+00 0.0E+00 0.0E+00 | 0.0E+00 0.0E+00 0.0E+00 | 2.6E-02 3.0E-02 3.5E-02
1977 0.0E+00 0.0E+00 0.0E+00 | 0.0E+00 0.0E+00 0.0E+00 | 2.5E-02 3.0E-02 3.4E-02
1978 0.0E+00 0.0E+00 0.0E+00 | 0.0E+00 0.0E+00 0.0E+00 | 3.2E-02 3.8E-02 4.4E-02
1979 0.0E+00 0.0E+00 0.0E+00 | 0.0E+00 0.0E+00 0.0E+00 | 3.3E-02 3.9E-02 4,5E-02
1980 0.0E+00 0.0E+00 0.0E+00 | 0.0E+00 0.0E+00 0.0E+00 | 3.4E-02 4,0E-02 4,6E-02
1981 0.0E+00 0.0E+00 0.0E+00 | 0.0E+00 0.0E+00 0.0E+00 | 3.4E-02 4,0E-02 4,6E-02
1982 0.0E+00 0.0E+00 0.0E+00 | 0.0E+00 0.0E+00 0.0E+00 | 5.2E-02 6.0E-02 7.0E-02
1983 0.0E+00 0.0E+00 0.0E+00 | 0.0E+00 0.0E+00 0.0E+00 | 3.2E-03 3.8E-03 4.4E-03
1984 0.0E+00 0.0E+00 0.0E+00 | 0.0E+00 0.0E+00 0.0E+00 | 4.4E-02 5.2E-02 6.0E-02
1985 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
1986 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
1987 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
1988 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
1989 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
1990 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
1991 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00

! Note regarding Scientific Notation: 3.2E+02 equals 3.2 x 10, or 320; 3.2E-02 equals 3.2 x 10, or 0.032.
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Table 5.8 Three most important contributors to the uncertainty in the annual
release rates for different time periods.

Time Period Contributor to Total Uncertainty Percent Contribution

1947 Ratio, Gross betato gamma 82
Grab sampling 13

Counting efficiency 3
1948 Grab sampling 44
Flow rate 33

Counting efficiency 13
1949-52 Grab sampling 44
Flow rate 34

Counting efficiency 13

1953-55 Grab sampling 58
Flow rate 16

Counting efficiency 13

1956 Flow rate 41
Grab sampling 37

Counting efficiency 10

1957-58 Flow rate 40
Grab sampling 38

Counting efficiency 11

1959-60 Flow rate 45
Grab sampling 40

Random nature of radioactivity 9

1961-62 Flow rate 67
Random nature of radioactivity 30

Laboratory processing 3

1963-91 Flow rate 62
Random nature of radioactivity 35

Laboratory processing 2
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6.0 ESTIMATION OF HISTORICAL RADIONUCLIDE CONCENTRATIONS
IN CLINCH RIVER WATER AND SEDIMENTS

Evauation of potential health risksfrom past rel eases of radionuclides from White Oak Creek requiresthe
estimation of concentrations in environmental media to which people might have been exposed, in
particular, historical radionuclide concentrationsin Clinch River water and shoreline sediments. Releases
to White Oak Creek from the X-10 site [later called Clinton Laboratory and Oak Ridge National
Laboratory (ORNL)] started in 1944 after the decision was made to continue operating the laboratory.
Environmental measurements of *’Cs, ®°Sr, ®Ru, and ®°Co in Clinch River water were used when
possible, depending on the availability and quality of the data, for the years 1960 through 1990 (Sections
6.1-6.3). Estimatesof radionuclide concentrationsin Clinch River water obtained with the HEC-6-R
model were used for the remaining radionuclides and years (Sections 6.4 - 6.12), based on estimates of
dischargesto the Clinch River from White Oak Dam (Section 5). Concentrations of radionuclidesin
shoreline sediments were estimated, using the HEC-6-R model, for al radionuclides and all years
(Sections6.4-6.11, 6.13). Radionuclide concentrationswere estimated asannual average concentrations
in water or sediment at each location of interest (CRM 0, 3.5, 14, and 20.5; see Section 7).

6.1 Historical M easur ements of Radionuclide Concentrationsin Clinch River Water

For the purposes of this dose reconstruction, actual measured water concentrations were used whenever
possible. Based on an evaluation of the nature and sources of uncertaintiesin these measurements, the
measured water concentrations are expected to have smaller uncertainties than do the modeled water
concentrations. In particular, the measurements are expected to be more reliable than the model for the
years after 1960, when the system became considerably more complex due to the effects of the
construction and operation of Melton Hill Dam.

Measured water concentrations for *¥'Cs, *Sr, 1®Ru, and*Co were obtained from annual monitoring
reports. Concentrationswerereported for theyears 1957 to 1990 at Clinch River mile (CRM) 4.5, CRM
14.5, or both (ORNL, 1958; 1959; 1960; 1961; 1962; 1963; 1964; 1965; 1966; 1967; 1968; 1969;
1970; 1971; 1973; 1977; 1978; 1979; 1980; 1981; 1982; 1985; UCC, 1972; 1973; 1974; 1975; 1976;
MMES, 1984; 1986; 1987; 1988; 1989; 1990; 1991). At CRM 4.5, the reported annual average
concentrations were the averages of quarterly composites of daily grab samples. At CRM 14.5, the
reported annual average concentrations were the averages of quarterly composites from a continuous
proportional sampler. For most years, concentrationswere reported for either CRM 4.5 or CRM 14.5;
for 1971-1979, concentrations were reported at both locations (Table 6.1).



TASK 4 REPORT
July 1999 Radionuclide Releases from X-10 to the Clinch River -
Page 6-2 Estimation of Radionuclide Concentrationsin Clinch River Water and Sediments

Table 6.1 Measured annual average concentrations of radionuclidesin the Clinch River at CRM 14.5 and CRM 4.5 (Bq L1)-

Cs 137 Sr-90 Ru-106 Co-60
Y ear CRM 1452 CRM 4.5° CRM 145 CRM 45 CRM 145 CRM 45 CRM 145 CRM 45
10/25/56-11/27/57 - -0.46 - #0.97 - #0.65 - #0.23
11/27/57-10/23/58 - -0.27 - #1.3 - #0.59 - -0.17
10/23/58-11/3/59 - 0.20 - 0.69 - 0.42 - 0.085
1960 - 0.085 - 0.35 - 14 - 0.20
1961 - 0.019 - 0.16 - 10 - 0.14
1962 - 0.026 - 0.13 - 5.9 - 0.12
1963 - 0.085 - 0.11 - 3.1 - 0.17
1964 - 0.12 - 0.10 - 17 - 0.16
1965 - 0.063 - 0.056 - 0.44 - 0.085
1966 - 0.059 - 0.078 - 0.14 - 0.14
1967 - 0.056 - 0.044 - 0.022 - 0.044
1968 - 0.052 - 0.056 - 0.026 - 0.10
1969 - 0.070 - 0.041 - 0.052 - 0.13
1970 - 0.070 - 0.041 - 0.019 - 0.037
1971 0.048 0.033 0.067 0.037 0.10 0.074 0.022 0.030
1972 0.026 0.019 0.056 0.041 0.030 0.022 - -
1973 0.019 0.015 0.044 0.063 0.019 0.019 - -
1974 0.0019 0.0030 0.021 0.017 0.0048 0.011 - -
1975 0.0026 0.0019 0.016 0.011 0.0048 0.0070 - -
1976 0.0011 0.00074 0.0096 0.0089 0.0052 0.0056 - -
1977 0.0011 0.019 0.0067 0.010 0.0056 0.0070 - -
1978 0.043 0.026 0.0041 0.0037 0.031 0.027 0.0059 0.0041
1979 0.00074 0.00074 0.015 0.012 0.0030 0.0041 0.0019 0.0015

1980 0.0030 - 0.028 - 0.0063 - 0.0078 -
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Table 6.1 (continued).
Cs137 Sr-90 Ru-106 Co-60

Y ear CRM 145 CRM 4.5° CRM 14.5 CRM 4.5 CRM 14.5 CRM 4.5 CRM 14.5 CRM 4.5

1981 0.0043 - 0.053 - <0.0010 - 0.0035

1982 0.025 - 0.067 - - - 0.022

1983 0.010 - 0.074 - - - 0.0059

1984 <0.0089 - 0.041 - - - <0.011

1985 0.0063 - 0.070 - - - 0.0052

1986 <0.010 - 0.070° - - - <0.017

1987 <0.093 - 0.12¢4 - - - <0.093

1988 <0.025 - 0.070° - - - <0.020

1989 0.018 - 0.081¢ - - - 0.011

1990 0.0059 - 0.031¢ - - - 0.011

%CRM 14.5is near Grassy Creek and the K-25 water intake.
®CRM 4.5 is near the Kingston Steam Plant (CRM 3.5).

“No concentration was reported.

YReported for ®Sr and *°Sr, but expected to be primarily ©Sr.
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Thefirst routine monitoring of Clinch River water was conducted in 1957, at CRM 4.5 (Center's Ferry)
(ORNL, 1958). The Applied Health Physics report for 1957 states the following:

"A routine program of determining the fission product contamination in the water of the
Clinch River at apoint downstream whereit becomesavailableto large population users
was started at the beginning of thisyear. A daily grab sampleof approximately aquartis
taken fromtheriver at Center's Ferry near Kingston, Tennessee, and composited into a
quarterly sample. Thecompositesample, approximately 20 gallons, isfiltered toremove
the suspended solids. Thefiltrateis concentrated by evaporation to avolume of about 1
gallon and the concentrate analyzed for fission products. The suspended solids are
weighed and analyzed for fission products.”

Sampling a locations upstream from CRM 20.8 was added inlate 1959. The upstream sampling location
changed severd times. Starting in 1966, samplesweretaken at Melton Hill Dam (CRM 23.1). By 1971,
continuous proportional samples were collected at CRM 23.1 and CRM 14.5 [Oak Ridge Gaseous
Diffusion Plant (ORGDP) water intake] (UCC, 1972). Daily grab samples continued at CRM 4.5. All
Clinch River samples were composited for quarterly analysis (White Oak Dam samples were composited
monthly). Sampling proceduresdid not seem to change much over the years, athough improvementsin
counting technology were incorporated.

For severd years (1955-1967), total radioactivity in the Clinch River wasreported on aweekly basis. In
most cases, theradi oactivity wasreported asafraction of the maximum permissible concentration, rather
than asan actual concentration. Itisnot awaysclear whether thisinformation was based on concentrations
calculated at CRM 20.8 or on concentrations measured at CRM 4.5.

6.2  Sourcesof Uncertainty in Measured Water Concentrations

Several potential sources of uncertainty exist in measured Clinch River water concentrations. These
sources of uncertainty and their potential impact on the dataare discussed below. Because quantitative
estimates of uncertainty weremadeindividualy for each of thesefactorsin Section 5, they are not repested
here. However, after cons deration of the sourcesof uncertainty discussed bel ow, multiplicative uncertainty
factorswere devel oped to express the combined uncertainty about the measured water concentrations at
each location of concern (Section 6.3).

6.2.1 Sampling from Fully vs. Partially Mixed Water

A surface water samplemight not have yielded arepresentative concentration for atarget receptor if the
station waslocated in an area of incomplete mixing or at alocation not relevant to the target individual .
Past tracer studies and cdculations by the project team indicate that the water is completely mixed at both
sampling locations (CRM 14.5and CRM 4.5). Therelationshipsof the concentrationsat CRM 14.5 and



TASK 4 REPORT
Radionuclide Releases from X-10 to the Clinch River - July 1999
Estimation of Radionucli ncentrations in Clinch River Wat i

CRM 4.5 are generally consstent (Table 6.1). Therefore, this source of uncertainty isnot considered a
significant contributor to the overall uncertainty in the measured concentrations.

6.2.2 Sample Compositing or Averaging Methods

Errorscould exist in the measured dataif proper averaging techniqueswere not used. Thisisespecialy
relevant at CRM 4.5, where grab sampling (rather than continuous, flow-proportional sampling) was
performed. Variationsin flow and contaminant concentrations can affect thewater concentrationsobtained
viagrab sampling techniques. However, for the proportional samplingtechnique used at CRM 14.5, this
source of uncertainty should be relatively low.

Asacheck on the annua average radionuclide concentrations in the Clinch River reported by ORNL, a
comparison was made with resultsfrom atwo-year study performed by the U.S. Public Health Service
(Churchill eta., 1965). Churchill and his colleagues reported the results of weekly samplesandyzed by
the U.S. Public Health Service between December 1960 and November 1962. For most sampling
locationson the Clinch and Tennessee Rivers, daily subsamplesweretaken; the volumes of the subsamples
were selected s0 asto be proportiond to daily stream flows obtained from the USGS,; and the subsamples
were then composited for weekly analysis. All radiologica determinations were made by the U.S. Public
Health Service.

Problems with the data reported by Churchill et al. (1965) include **’Cs measurements that were
considered to be suspect, dueto the high concentrations of *®Ru and an expected high biasing of datafor
sediment-borne radionuclides asaresult of sampler mafunction above Center's Ferry (CRM 5.5) between
September 9 and December 2, 1961. The authors state that if they were to repeat the study, they would
chemically separatethe **'Csprior to analysis. Churchill et a. (1965) disregarded the datafor ¥’ Csfrom
the period of sampler malfunction at the Center's Ferry site.

Using theweekly resultsreported by Churchill et a. (1965) with weekly flow measurements, the Task 4
project team estimated annual average concentrations for *Sr and *®Ru for 1961 and for 11 months of
1962. These radionuclides were not subject to major bias from the sampling problems reported in
Churchill et d., asthese radionuclides do not interact greatly with the sediment. The difference between
the reported ORNL annual averages and the project team’ s estimated annual averageswas afactor of 2
or less, with theexception of **'Cs. Although month-to-month discrepanciesoccurred, for the entire period
of study (December 1960-November 1962), Churchill et al. (1965) report that their calculationsfor tota
radionuclidein theriver system (total release or total "load") during that period were in good general
agreement with ORNL 'smeasurements. ORNL 'smeasurementswerelower than Churchill eta.'sby 10-
14% for *'Cs, *Sr, and ®Co (14, 12, and 10%, respectively). For *®Ru, ORNL and Churchill et al.
werein very close agreement for thefirst 12 months, while ORNL was higher by 22% for the second 12
months.
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6.2.3 Detector Efficiency

Variationsin the efficiency of aradiation detector relativeto the efficiency valuethat isassumedinthe
calculations underlying the reported data can result in errorsin the reported data. Detection methods
improved during the period of concern, and the efficiencies of the detectors presumably wereincorporated
into the reported measurements. 1n addition, changesin therelative proportions of radionuclides present
can lead to changesin the efficiency with which aradiation detector respondsto incident radiations. Itis
not known if the assumed efficiencies were updated appropriately. Section 5.3 presents the quantitative
assessment of the uncertainty associated with detector efficiency.

6.2.4 Laboratory Processing

Thispotentia source of uncertainty isdiscussed in detail for the source term estimates (Section 5.3), but
it isalso relevant to the measured water concentrations. Analytical techniques performed by different
technicians could lead to errors in the reported concentrations.

6.2.5 Stochastic Nature of Radioactive Decay

This is a very minor source of uncertainty, but one that should be mentioned. Slightly different
measurements can be obtained if sufficient counting timeis not used, due to the stochastic nature of counting
radioactive decay. Section 5.3 addresses the quantification of this uncertainty in greater detail.

6.2.6 Detection Limit Effects

Uncertainty associated with measurements of radioactivity can be € evated when ambient levels gpproach
or fal below the limits of detection of the measurement system. Uncertaintiesin reported values can dso
bedevated if samplesfor which themeasured radioactivity isbelow thelimitsof detection of the counting
system areassigned aresult equal to thelimit of detection. The potentid for thiserror was probably highest
inthe 1980s, when radionuclide concentrationsin Clinch River water were significantly lower thanthose
inthe previousyears. For some radionuclides, the concentrations reported during these periods were often
at or near the detection limit. Thiscould have resulted in overestimation of true concentrations.

Approximate lower limits of detection for Clinch River water samplesin the early 1960swere 0.001 Bq
L (0.03 pCi L ™) for °Sr and 0.04 - 0.4 Bq L (1-11 pCi L) for *"Cs, ®Co, and **® Ru (Churchill et
al., 1965). Theactua limit was dependent on theisotope, the concentration of other isotopesin the same
sample, and whether the measurement was for dissolved, suspended, or total contaminant. Measurements
known to have included some samples bel ow detection limits (i.e., reported as“less-than” values) were
not used in the present analysis.
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6.3 Use of M easured Radionuclide Concentrationsin Clinch River Water

After consderation of the sources of uncertainty listed in Section 6.2, the project team determined that the
reported water data from the ORNL monitoring reports were of sufficient quality to be reasonably
representative of the averagewater concentrationsto which certain target individual swould have been
exposed. Therefore, when datawere available, they were used in preference to mode results (Sections
6.4 and following). The measured annual average concentrations of radionuclidesin Table 6.1 were used
asthebagsfor further caculations, with the adjustment and uncertainty factors described below. Notethat
the measurementsincluderadionuclidesfromal sources (describedin detail in Section 6.12); releasesfrom
White Oak Creek are the dominant source. Numbers given as “less-than” values (e.g., < 0.0089 Bg L™
for 3¥'Csin 1984) were not used. In addition, water concentrations for 1957-1959 were not used, asthe
sampling periods did not quite correspond to the calendar year (e.g., October 1958-November 1959).
Starting from the available measurements, annual average water concentrations for 1960-1990 were
estimated for the four locations of interest: CRM 0, CRM 3.5, CRM 14, and CRM 20.5.

Based on an evaluation of factors contributing to uncertai nty in the measurements (Section 6.2), together
with the assessment of uncertaintiesin the source term estimates (based on related measurements; Section
5.3), uncertainty factorswere estimated for application to the measured radionuclide concentrationsin
Clinch River water. The measurementsfor CRM 4.5 are expected to be representative for that areawithin
afactor of 1.8; measurements for CRM 14.5 are expected to be representative within afactor of 1.5.
These factors are objective estimates of the overall uncertainty associated with the sampling and
measurement processes. Inthedoseand risk calculations, dataat CRM 4.5, with an uncertainty factor
of 1.8 (expressed asalog-uniform distribution between 0.55 and 1.8), were used directly for assessments
for CRM 3.5. Dataat CRM 14.5, with an uncertainty factor of 1.5 (expressed as a log-uniform
distribution between 0.67 and 1.5), were used directly for assessments for CRM 14.0 (Table 6.2).

Monitoring data wereavailablefor only two locations (CRM 14.5 and CRM 4.5); except for 1971-
1979, datawere availablefor only 1 location each year. It wastherefore necessary to adjust the available
measurements and their uncertainty bounds to estimate the concentrations to be used in assessment
caculationsfor other locations. Comparison of the measurementsat CRM 4.5 and CRM 14.5for 1971-
1979 (Table6.1) showsthat measured concentrationsat CRM 14.5 are generaly between afactor of 0.6
to 1.8 times the measured concentration at CRM 4.5 for the same year. The geometric mean of the
observed CRM 14.5-to-CRM 4.5ratiosis 1.1 (asingle extreme outlier of 0.06--*"Csin 1977--was not
included inthe calculation). Therefore, an adjustment factor of 1.1 was used to estimate concentrations
at CRM 14 from measurements at CRM 4.5 (Table 6.2). In addition, the uncertainty estimate was
increased to afactor of 2 on the adjusted concentrations. The adjustment factor and uncertainty factor
were combined and expressed asalog-uniform distribution from 0.55t0 2.2 (central vaue, 1.1; Table 6.2).
For estimation of concentrationsat CRM 3.5 from measurements at CRM 14, an adjustment factor of
0.91 (1/1.1) wasused, and the uncertainty estimate was again increased to afactor of 2 on the adjusted
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Table 6.2 Summary of uncertainty factors applied to measured water concentrations.

L ocation of M easur ements L ocation Used and/or Minimum Value Central Value2 Maximum Value Distribution
Adjusted For
CRM 4.5 CRM 35 0.55 1.0 18 log-uniform
CRM 14.5 CRM 14 0.67 1.0 15 log-uniform
CRM 4.5 CRM 14 0.55 11 2.2 log-uniform
CRM 145 CRM 35 0.45 0.91 18 log-uniform
CRM 145 CRM 20.5 0.4 1.0 25 log-uniform
CRM 4.5 CRM 20.5 0.44 11 2.75 log-uniform
CRM 45 CRM 0O 0.4 1.0 25 log-uniform
CRM 14.5 CRM 0 0.36 0.91 2.3 log-uniform

& The centrd value of alog-uniform distribution does not haveto be specified; it isshown herefor information purposes. Vauesdifferent from 1.0
indicate a bias correction as described in the text.
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concentrations. The adjustment factor and uncertainty factor were combined and expressed asalog-
uniform distribution from 0.45 to 1.8 (central value, 0.91; Table 6.2).

No water dataare available for CRM 20.5 or CRM 0. However, differences between concentrations at
CRM 20.5 (assuming complete mixing) and CRM 14.5 or between CRM 4.5 and CRM 0 are thought to
berdatively smal. Therefore, measurementsat CRM 14.5 or adjusted measurementsfrom CRM 4.5 were
used for CRM 20.5, and measurements at CRM 4.5 or adjusted measurements from CRM 14.5 were
used for CRM 0. In ether case, the uncertainty estimate wasincreased to afactor of 2.5 to account for
the additional uncertainty due to the extrapol ation between locations. Thus, for use of measurements at
CRM 3.5 for CRM 0 or for use of measurements at CRM 14.5 for CRM 20.5, the uncertainty was
expressed asalog-uniform distribution from 0.40to 2.5 (Table 6.2). For use of adjusted measurements
from CRM 4.5 for CRM 20.5, the uncertainty factor of 2.5 was combined with the adjustment factor of
1.1 and expressed as alog-uniform distribution from 0.44 to 2.75 (central value, 1.1; Table 6.2); for use
of adjusted measurementsfrom CRM 14.5 for CRM 0, the uncertainty factor of 2.5 was combined with
theadjustment factor of 0.91 (1/1.1) and expressed asalog-uniform distribution from 0.36 to 2.3 (central
value, 0.91; Table 6.2).

6.4  Modding of Historical Radionuclide Concentrationsin Clinch River Water and Sediments

Historical measurements of radionuclide concentrationsin Clinch River water were not availablefor al
radionuclides and years of interest. Few measurements of radionuclide concentrations in shoreline
sedimentswere availablefor any location or any timeperiod. Therefore, thetransport, deposition, and
scouring of waterborne radionuclideswere modeled using HEC-6-R, amodified version of asediment
trangport model (HEC-6) developed by the U.S. Army Corps of Engineers (HEC, 1991). The codewas
modified at Oak Ridge National Laboratory to include radioactive decay, sorption and desorption of
contaminantsin multiple sediment layers, and specification of ariver network with up to 20 inflow points
(Roseetd., 1993; Brenkert et d., 1992). HEC-6-R smulates continuous flow, sediment movement,
input of sediments from tributaries, and transport of contaminants in water and sediments.

Inthe early 1990s, three sediment and contaminant transport model swere set up for use on the Clinch
River/Watts Bar Reservoir system by ateam of scientists from Oak Ridge National Laboratory, the
Tennessee Valey Authority, the lowa I nstitute of Hydraulic Research, and Battelle Pacific Northwest
Laboratories (Rose et a., 1993). The model comparison and modification exercise was conducted to
establish methods to permit long-term simulation of *’Csfate in the Clinch River/Watts Bar Resarvoir
system so that impacts of accidenta releases could be defensibly predicted. TheHEC-6-R, CHARIMA,
and TODAM moddswerecdibrated usng TV A'smeasurements of sediment accumulation and vaidated
based on **'Cs measurements made as part of the Clinch River CERCLA remedial investigation. Each
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model was then used to simulate *¥'Cs fate and transport from 1946 through 1991, and results were
compared.t

For modeled Clinch River segments, HEC-6-R and CHARIMA predicted total *’Csinventories that
compared well with estimated Clinch River inventories based on core sample data? TODAM predicted
elevated levels. For Watts Bar Reservoir, TODAM and HEC-6-R predicated the patterns of *’Cs
deposition well, while all three models predicted lower total *’Cs inventories than indicated by
extrapolation between core sample data.

The HEC-6-R modd was sdected for use on the Task 4 assessment of radionuclide movement in Clinch
River as aresult of releases from White Oak Creek for the following reasons.

* |t was set up and successfully tested for the Clinch River/Watts Bar Reservoir system.

* All hitorica water dischargeswereavailablefromal damsand tributaries, and water level evation data
were available for Watts Bar Dam, the downstream boundary?.

* Sediment influxeshad been successfully tested and had resulted in the appropriate sediment deposition
and erosion patterns.

» HEC-6-R contaminant transport calculations and results can easily be verified for mass baance (in
contrast to the other two models).

 Contaminant transport and trapping agreed well with historical measurements.

» HEC-6-R was the only model among the three that kept track of shoreline contamination.

! Personal communication between Tom Widner of the project team and Dr. Antoinette Brenkert of ORNL, technical
advisor to the project team on surface water modeling. April 1997.

2 Brenkert et d., draft publication in preparation. A. Brenkert, L. Ewing, Y. Onishi, K. Rose, F. Holly, G. Schohl, W.
Perkins, and R. Cook. “Simulating Sediment Transport and Contaminant Fate in a Large River/Reservoir System
Using Multiple Models: |. Model Descriptions, Calibration and Validation.”

Swater discharge and elevation data were obtained from Gerald Schohl of TVA.
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6.5  Description of the HEC-6-R M odel

HEC-6-R isaone-dimensional numerical model that approximates a continuous water discharge by a
sequence of steady flow discharges. A summary of some key features of the model isprovided in this
sectionandinFigure6.1. Additiona detailscan beobtained from the origina documentation of the model
(HEC, 1991).

TheHEC-6-R mode predictsdaily contaminant concentrationsin thefollowing componentsof asurface
water system:

* the dissolved phase in which soluble contaminants are transported along the flowing stream;

* river bed sediment that deposits on the bottom of the stream and can be removed by scouring;

* river bank (shoreline) soil that iscontaminated when the stream periodically inundatesitsbanks; and

» thesuspended phasein which contaminantsarein theform of particlesor attach to particlesthat remain
suspended in the flowing stream.

HEC-6-R determineswater surface profiles by backwater cal culations using astandard step method to
solve the energy and continuity equations (HEC, 1991). Water velocity, depth, width, dope, and bed
shear stress are calculated from the water surface profile calculations.

HEC-6-R usesten sediment size classesin smulating trangport of particlesin theflowingwater, deposition
into the sediment layers, and detachment allowing further movement (erosion). Thesizeclassesareaso
categorized as clays or silts (which are cohesive) or sands (which are non-cohesive).

HEC-6-R recognizesan active sediment layer continuoudy mixed by the flowing water, and an inactive
layer that servesasasource or sink for the activelayer. Inaddition, multipleinactive sublayersfunction
sequentialy as sources or sinksfor theinactive sublayer. The volumes and thicknesses of the activeand
inactive sediment layersare evaluated at each time step of the modeling. The model simulatesasow
moving surfacelayer that shieldsfiner particlesfrom being entrained in the flowing stream, in aprocess
called armoring.

HEC-6-R reflects the flooding of shoreline sediments when high water conditions occur. Shoreline
sediments can undergo the same sedimentation, erosion, and contaminant sorption and desorption asriver
bed sediments. By keeping track of thelevelsof contamination left on the shore during high flow events,
shoreline sediment concentrations are predicted as a function of time.
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Figure 6.\1'Schematic of the processes modeled by HEC-6-R (from Clapp et al., 1996).
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Ratesof sorption and desorption of contaminants are determined by their distribution coefficients (K ;s) that
arespecificfor the contaminant and the sediment particle sizesand types. Digtribution coefficient isdefined
astheratio, a equilibrium of contaminant concentration inwater to the contaminant concentration adsorbed
on sediment particles. Suspended sediment isassumed to befully mixed throughout the volume of water
moving from one section of the river to the next.

6.6  Characterization of the Clinch River for M odeling Purposes

In order to smulate the fate of contaminants rel eased to aflowing body of water, thet river or stream must
be described in terms of its geometry, water flow rates and depths, and sediment particle sizes and
distribution patterns. For application of the HEC-6-R modd, the Clinch River and itsmaintributarieswere
characterized as described below?.

6.6.1 Channel Bed Geometry

Channel bed geometry was specified at 19 cross sections on the Clinch River, based on measurements
made by TVA in1946. Cross sectionswere specified interms of coordinates of “ stations’ with associated
elevations. Distances dong theriver between these cross sections were also specified. Another set of 37
cross sectionswas specified for Poplar Creek based on TV A measurements, and aset of 6 cross sections
was specified for White Oak Creek Embayment based on topographic maps and 1991 measurements at
its mouth.

6.6.2 Water Discharges from Upstream Inputs

Water flow ratesfrom the major inputsto the Clinch River/Watts Bar Reservoir syslemwere specified as
afunction of time. Theseincluded the following.

* Fort Loudoun Dam;

» Melton Hill Dam (after it was completed in December 1962);

¢ Clinch River near Clinch River Mile 22.3 (CRM 22.3) before 1963;

* Little Tennessee River (through 1976) and Emory River;

* Poplar Creek, White Oak Creek, and other free-flowing streams (White, Piney, Sweet, Pond, Paint,
Riley, Caney, and King).

1 Personal communication between Tom Widner of the project team and Dr. Antoinette Brenkert of ORNL, technical
advisor to the project team on surface water modeling. April 1997.
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Complete(hourly or daily) dischargedatafor TV A’ sdamsand severd tributariesof the Clinch River/Watts
Bar Reservoir system for the period of interest were obtained from TVA® and USGS records (USGS,
1953-1955; 1961-1964; 1993). However, only partial datawere availablefor Poplar Creek and White
Oak Creek, and no measurements were available for most of the small tributary streams. For tributaries
with no measurements, flow rateswere estimated based on measurementsfrom similar tributariesthat were
adjusted according to theratio of their respectivedrainageor “catchment” areas. Thisprocessof estimating
flow rates based on smilar streamsiscaled “scaling.” For streamslarger than Poplar Creek, discharges
were scaled based on Emory River measurements. For streams smaller than Poplar Creek, discharges
were scaled based on the Poplar Creek measurements.

Flow measurements for White Oak Creek were recorded by the USGS during the 1950s and 1960s.
However, between 1944 and 1952, no documented USGS flow data were available. Asdescribed in
Section 5, available measurements from three gauging stations on two smilar surface water systemswere
scaled according to the sizes of their drainage areas to estimate the flow over White Oak Dam. The
method used for this scaling and the sources of dataused are described in Section 5.3.2. Based on analysis
of measured and scaled White Oak Creek dischargesfor periodsfor which both were available, scaled
Emory River flow measurementswere selected by the project team for usein predicting White Oak Dam
flow ratesduring November through April of each year, and scaled measurementsfrom the Zion gauging
gtation on the Little Chestuee River were used for predicting White Oak Creek dischargesfor May through
October.

6.6.3 Sediment Loads and Particle Sizes in Upstream Inputs
Quantitiesof sediment flowing from upstream inputswere estimated using avail able sediment rating curves

for tributaries. Theserating curves predict sediment flow ratesin astream for given water flow rates. For
example, following is the equation of arating curve for Poplar Creek near Oak Ridge (Ewing, 1993):

q, " 0.686 g, "™

Where
s = sediment flow rate (ton d* mi?) and
oW water flow rate (ft* sec’ mi?).

Rating curves are dso available for the Emory River a Oakdde, Tennesseg, the Little Tennessee River a
McGhee, Tennessee, and White Oak Creek at White Oak Dany (Ewing, 1993; Gaydos et al., 1982).

YPersonal communication between Dr. Antoinette Brenkert and Gerald Schohl of TVA.

%Personal communication between Antoinette Brenkert, technical advisor to the project team, and Thomas Fontaine
of Oak Ridge National Laboratory (1993).
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6.6.4 Stage Heights at Watts Bar Dam

Inaddition to water dischargesfrom upstream inputsto the Clinch River/Watts Bar Reservoir system, stage
height values (water elevations) at Watts Bar Dam were also specified for usein HEC-6-R modeling.
These values were obtained from TVA for the time period of interest’.

6.6.5 Particle Size Distributions in the Clinch River

The particle sze distribution used in the Task 4 modeling of the Clinch River/Wetts Bar Reservoir system
was determined from a number of historical sources of information.

» Theparticle sizedigtribution of two corestaken at CRM 7.5 and CRM 14 indicated 14.2% sand, 63.3%
silt, and 22.5% clay (Struxness et al., 1967).

» The mean particle size distribution of composite samples of 45 Clinch River sediment coreswas 23%
sand, 54% silt, and 23% clay (Carrigan et a., 1967).

» The mean particle size distribution reported for the Clinch River by TV A (1986), based on avariable
number of samples, was 34-49% sand, 66-69% silt, and 46% clay.

» The mean particle sizesreported for the Tennessee River by TV A (1986), based on avariable number
of samples, were 64%-88% silt and clay, with the remainder being sand.

» The mean particle size distribution reported for Poplar Creek by TV A (1986), based on three samples,
was 24% sand, 45% silt, and 31% clay.

A sediment-type map of lower Watts Bar Reservoir (Olsen et al., 1992).

Tables6.3, 6.4, and 6.5 present sediment particle-size distributionsand transport parametersthat were
used in the sediment fate smulations. In specification of particle-sze distributions, damswere assumed to
causetrapping of coarser materias upstream. Sediment sizesin White Oak Creek were adjusted to best
match deposition patterns. coarser sedimentsinitialy deposited in large quantitiesin White Oak Creek
Embayment, and finer sedimentsinitialy left thesystem over WattsBar Damin excessve quantities. For
the beginning of thesmulationin 1944, theinitia bed sedimentswere assumed to be rather coarse because
of theriverine characteristics of the total system.

By 1990, as predicted in HEC-6-R modeling, the Watts Bar Reservoir bed sediment was, in fact, found
by sampling to consist mainly of mud made up of clay and silt.

personal communication between Antoinette Brenkert and Gerald Schohl of TVA.
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Table 6.3 Sediment particle size distributions used in HEC-6-R modeling.

Fractional Composition of Sediments

Melton Hill White,
on Hi .
Piney, . :
Dam N . Initial Bed Particle
. Emory, White . .
Sediment Loudoun Composition Size!
Poplar, Oak i .
Type Dam Other Minor  Creek Availablefor (Geometric
Before  After L ocal Redistribution M ean)
1963 1963 oca
Streams

Clay .70 .62 .70 .62 .35 22 .0027
Very Fine 14 10 14 10 .20 .18 .0056
Silt
Fine Silt 10 .08 10 .08 A8 .16 .0110
Medium Silt .04 .05 .04 .05 A2 14 .0220
Coarse Silt .02 .05 .02 .05 10 A2 .0440
Very Fine 0 .05 0 .05 .03 .08 .0880
Sand
Fine Sand 0 .03 0 .03 .02 .04 1770
Medium 0 .02 0 .02 0 .02 .3540
Sand
Coarse Sand 0 0 0 0 0 .02 .7070
Very Coarse 0 0 0 0 0 .02 1414
Sand

! Size classes follow the American Geophysical Union Classification Scale.
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Table 6.4 Sediment transport parameters used in HEC-6-R sediment fate simulation.

Geometric Mean Fall Velocity?  Density®  Compaction  In Situ Dry

Sediment  Particle Diameter® (cms?) (gcm?®) Rate Density
Type (mm) (gem®y) (g cm?)
Clay 0.0027 0.000642 2.61 0.171 0.529-0.737
0.0056 0.00256 2.61 0.043 1.041-1.185
0.0110 0.0102 2.61 0.043 149
Silt
0.0220 0.0402 2.61 0.043 149
0.0440 0.156 2.65 0.043 1.49
0.0880 0.582 2.65 149
0.1770 1.803 2.65 149
Not
Sand 0.3540 4131 2.65 Applicable 1.49
0.7070 8.632 2.65 1.49
1.4140 14.705 2.65 1.49

! Size classes follow the American Geophysical Union Classification Scale.
2 Calculated following the method of Williams (1980).
% References: Simons and Senturk, 1977; USACE, 1993.
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Table 6.5 Other sediment transport parameters for silt and clay.

Parameter Value
Critical Shear for Clay Deposition (dyne cm) 32.6
Critical Shear for Silt Deposition (dyne cm@) 115
Critical Shear for Clay Erosion (dyne cm®) 42.6
Critical Shear for Silt Erosion (dyne cm?) 14.3
Surface and Mass Erosion Rate (g cm?s?) shear stress dependent

References: Struxness et a., 1967; personal communication between A. Brenkert and R.B. Krone
of the Hydraulic Engineering Laboratory, University of California, Berkeley.

6.7  Specification of Radionuclide Releases at White Oak Dam

Asdiscussed in Section 5, estimates of the quantities of each radionuclide of interest were specified by the
project team in the form of annual central estimates of curies released along with a 95% subjective
confidence interval. Historical records located by the project team were not sufficient to support
development of release estimateson afiner timeresolution. Theannual release totalswere converted to
daily rel ease quantities because adaily time step was needed in HEC-6-R modeling so that regions of
deposition and erosion would be well represented and reported accurately as afunction of time. The
annual release quantities were converted to average daily releases for the period of interest based on the
fraction that theday’ s water discharge at White Oak Dam contributed to thetotal water dischargefor the
year at White Oak Dam, using the following formula:

Daily Water Discharge (m® d¥%)
Total Annual Water Discharge (m®)

Daily Release (Bg d¥) " Annual Release (Bq) x

6.8  Specification of Contaminant Behavior

The behavior of specific radionuclidesin asurface water system dependsto agreat extent on the solubility
of the physical and chemica formsof the contaminant that are present and the extent to which they become
associated with particles of varioussizes. Ingenerd terms, *Ru and *1 are highly soluble and have been
found to move rapidly through river systems. On the other hand, **'Cs, ®Co, *Zr, *Nb, and**Ce are
often called “ particle reactive” because they adsorb to sediments quite readily. While adsorption and
desorption of particle-reactive contaminants to and from sedimentsis considered adynamic process,
distribution coefficients (K,s) are commonly reported; these values represent levels of contaminants
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adsorbed relative to the levelsin solution at equilibrium. Thisis primarily because the equilibrium is
established very quickly.

For example, Olsen et al. (1992) measured K ;sfor **¥'Csfor suspended matter at Clinch River Mile 0.2
andin lower Watts Bar Reservoir around Tennessee River Mile 555; valueswere 2 x 10° and 3 x 10°,
respectively. K, values for *¥'Cs for river bed sedimentsreported from other systems include 5.2
x 10%, 2.7 x 10% 3.2 x 10 500 to 5.6 x 10* and for suspended clay from 2.7 x 10* to 1.4 x 10°,
suspended silt from 1 x 10°t0 9.9 x 10¢, and suspended sand from 400to 1.5 x 10" in Ukraine' s Dnieper
Reservoirs after the Chernobyl accident (Yu et al., 1993; Jirkaet a., 1983; Personal communication
between A. Brenkert and Y. Onishi of Battelle Pacific Northwest L aboratories).

For ¥¥'Cs, ®Sr,%Co, and '®Ru, the K, values were adjusted to calibrate the HEC-6-R model using
estimates of the sediment inventories of these four radionuclides based on historical sediment core data.
Inaseries of preliminary HEC-6-R model runs, the K ,valuesfor these radionuclides were adjusted so that
sediment core inventories predicted by HEC-6-R matched those estimated for the Clinch River in 1962
and 1977, based on a Clinch River inventory of radionuclides.

For ®*Nb, *Zr, 23|, and **Ce, sediment core data were not available in sufficient number to support a
similar calibration process. For these radionuclides, ranges of K, values were determined from the
literature (Yu et al., 1993; Jirkaet a., 1983). Asshownin Table 6.6, the higher reported K, valuesfor
each radionuclide were assigned to the finer particles (e.g., clays) and the lower valuesto coarser particles
(e.g., sands).

Asdescribed in Section 6.10, three model runs were conducted for each radionuclide. For *Nb, *Zr,
and *'Ce, K, vauesfrom thelow end of each nuclide' srange were used with the lower-bound source
term for onerun to estimate alow-end sediment concentration; intermediate K, valueswith the central
estimate source term for asecond run to estimate acentral val ue sediment concentration; and maximum
K, vaueswith the upper-bound source term for athird run to estimate a high-end sediment concentration.
The reason for combining the upper-end values of K, with upper-bound sourceterm valuesisthat dl these
nuclides (*Nb, *Zr, and***Ce) areimportant only for the external radiation exposure pathway; therefore,
this combination would lead to upper-bound concentrationsin the sediments. For **!, the pathway of
concernisdirect ingestion viadrinking water; therefore, the combination of high sourceterm vaueswith
low K, valueswas used to obtain upper-bound concentrations in the water, and the combination of low
sourcetermvaueswithhigh K, val ueswas used to obtain lower-bound va ues. Thedistribution coefficients
used in the assessment of radionuclides released from White Oak Creek are given in Table 6.6.
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Table 6.6

Radionuclide Releases from X-10 to the Clinch River -

li ncentrationsin

kg of sediment per Bg L™ of water, or L kg?).

linch River Wat

t

Water/sediment distribution coefficient (K,) values used inthe Task 4 assessment  (Bq

Radionuclide Half-life (d) K4 for Clay K4 for Silt K4 for Sand
BiCs 10,987 30,000 30,000 300
Oy 10,111 84 9 0.2
®Co 1922 9,300 2,800 51
%Ry 368 300 140 0
SNb? 35 900° 550° 160°

550-2,000° 160-900° 100-550°
%Zr2 65.5 7,300 1,000 600°
1,000-10,000° 600-7300° 400-1,000°
B)a 8.04 1° 1° 1°
0-25° 0-25° 0-25°
14ce? 284 70,000° 10,000° 7,800°

10,000-140,000° 7,800-70,000° 5,000-10,000°

& Available historical environmental measurements were insufficient in number to support site-specific
determination of distribution coefficients to match environmental data.

®Central value.

“Lower and upper bounds.

6.9 Calibration of the Model with Historical M easur ements

Variousaspectsof HEC-6-R modd performancewere” cdibrated” with historical estimatesof contaminant
inventoriesin sediments derived from sediment core data so that model results would match the available
environmentah measurements as closely as possible and the validity of
predictionsfor other |ocations and time periods would be established. The usage of site-specific datain
preparing the HEC-6-R model for use of the project is described below.*

! Personal communication between Tom Widner of the project team and Dr. Antoinette Brenkert of ORNL, technical
advisor to the project team on surface water modeling. April 1997.
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6.9.1 Calibration of Hydrologic Calculations

HEC-6-R’ swater flow cal culationswere calibrated by doing parallel runswith another hydrodynamic
model, CHARIMA (Holly et ., 1990). CHARIMA was cdibrated and vaidated for hourly flowsinthe
Clinch River/Watts Bar system.

6.9.2 Calibration of Sediment Transport

Sediment trangport calibration was achieved by adjusting inflowing sediment types (relative proportions of
clay, slt, and sand) and adjusting sediment amountsfrom the different inflow pointsto best match historica
sedimentation measurements made by TVA. Table 6.7 shows predicted and measured net sediment
accumulation in the Clinch River and Watts Bar Reservoir as an indicator of the effectiveness of this
calibration.

Table 6.7 Net sediment accumulation in the Clinch River and Lower Watts Bar Reservoir (acre feet)

Time Period and Area Predicted Estimated from Ratio of Predicted to
M easurements Estimated
1946-1951 Clinch River 670 690 0.97
1946-1951 L ower Watts Bar Reservoir 2300 2000 12
1951-1956 Clinch River 1700 1600 11
1951-1956 Lower Watts Bar Reservoir 4900 3000 16
1956-1961 Clinch River 610 650 0.94
1956-1961 L ower Watts Bar Reservoir 8300 7800 11
1961-1991 Clinch River 62 25 25
1961-1991 Lower Watts Bar Reservoir 9800 8900 11

6.9.3 Cadlibration of Contaminant Fate

Contaminant fatewas cdibrated against independent estimates of sediment inventoriesin the sediment bed
by adjusting the contaminant distribution factors (K, values) so that predicted core inventories matched
measured contaminant inventoriesin river-bed sediments. As discussed earlier, the calibration was
conducted only for 23'Cs, ©Sr,®°Co, and *®Ru, because sufficient inventory datawere not availablefor
theother radionuclides. Thiscalibration was performedin aniterativefashion during preliminary model
runs, during which the contaminant distribution factorsfor the four primary radionuclideswere the only
parameters that were changed.
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6.9.4 Evauation of Site-Specific Environmental Data

Inventoriesof radionudlidesin the bed sediments of the Clinch River system (primarily the Clinch River from
CRM 22.6 to CRM 0.0 and Watts Bar Reservoir) were compiled from al available environmental data
from the 1940s to the present. Sediment inventories were devel oped for *Sr, 2*'Cs, ©Co, and 1Rui.
Because of the lack of better datafrom the 1940s and 1950s, some information was a so eva uated for less
specific values such as gross beta radioactivity.

Thefollowing documents were used to generate contaminant inventories: ORNL Applied Hedth Physics
Reports, 1958 thru 1982; Setter and Kochtitsky, 1950; Cottrell, 1959; Morton, 1962; Churchill et al.,
1965; Carrigan and Pickering, 1967; Struxnesset d., 1967; Oakeset d., 1982; TVA, 1985; Olsenet d.,
1992; and Cook et d.,1992. More recent data (late 1980s and early 1990s) were obtained from the Oak
Ridge Environmental Information System database.

The most comprehens ve sources of environmenta data were the Applied Hedth Physicsreports (annud,
quarterly, monthly), the Clinch River Study reportsfrom the early 1960s, the sediment studiesfromthelate
1970s(asdetailed in Oakeset al., 1982) and the Remedid Investigation/Feasibility Study work from the
late 1980s. Members of the project team reviewed the methods and results of astudy of sediment cores
collected fromthe Clinch river in the summer of 1962 (Carrigan and Pickering, 1967; Carriganet d., 1967;
Morton, 1965). Based upon the data provided, upper and lower bounds were estimated for the 1962
inventories (curies) of *¥'Cs, *Sr, ®Co, and'® Ru present in Clinch River sediment. Best estimates had
been provided inthe original reports. The calibration of contaminant fate was performed such that the
modeled inventories of the four primary radionuclides matched the best estimates from the 1962 study.
Estimated Clinch River sediment inventoriesfor 1977/1978 asreported by Oakeset d. (1982) werethen
used asasecondary check of the calibration of contaminant fate. The estimated contaminant inventories
for 1962 and 1977 are presented in Table 6.8.

6.9.5 Comparison of Estimated Sediment Inventories with Predictions

Estimates of ©*'Cs, ¥Sr,*°Co, and'®Ru in sediment from 1962 and 1977 were used in the calibration of
the HEC-6-R model. Table 6.8 presents the predicted sediment inventories from the HEC-6-R model for
1962 and 1977 aong with the estimated sediment inventoriesfor these yearsfrom actual measurements.

It was possible to match predicted radionuclide inventorieswith those estimated from 1962 measurements
for each of thefour primary radionuclides. Agreement of upper and lower bound values from the model

and from measurements was quite good for *Sr, ®Co, and '®Ru, but not as good for *¥’Cs. Since a
rigorous uncertainty analysiswas not included in the reports of the 1962 study, and detailed supporting
documentation could not befound, it is possible that the uncertainty of the*'Csinventory estimated from
these measurements was under represented. It isalso possible
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Table 6.8 Measured and predicted radionuclideinventoriesin the Clinch River for 1962 and 1977.

Estimated* HEC-6-R Estimated? HEC-6-R
Radionudlide Range 1962 Predicted 1977/1978 Predicted
Inventory 1962 Inventory 1977/1978
(Ci) Inventory (Ci) (Ci) Inventory (Ci)
Upper Bound 180 260 170
Cs-137 Best Estimate 150 150 110 97
Lower Bound 120 84 53
Upper Bound 34 4.3 2.8
S-90 Best Estimate 2.9 29 2 19
Lower Bound 24 20 13
Upper Bound 22 25 31
Co-60 Best Estimate 18 18 5 23
Lower Bound 14 13 16
Upper Bound 21 19 0.0014
RuU-106 Best Estimate 16 16 Not Available 0.0012
Lower Bound 11 13 0.0010

'Developed by the project team based on information in Carrigan and Pickering, 1967; Morton, 1965; and
Carrigan et d., 1967.
?Oakeset al. 1982.

that the uncertainty inthe sourceterm for **’Cswas over etimated. Releasesof thiskey radionuclide were
complicated by significant dischargesthat occurred in 1956 dueto scouring of the bed of White Oak Lake,
whichwasdrainedinlate 1955. Releasesfromthisperiod could have significantly impacted concentrations
measured in 1962 and inventories that were estimated from those data.

6.10 Structureof the Modeling Assessment

Waterborne transport in the Clinch River/Watts Bar Reservoir system from 1943 through 1991 was
modeled for ¥'Cs, *°Sr, ®°Co, ®Ru, Zr, ®*Nb, 31|, and *Ce. In order to reflect uncertainty in the
estimates of quantities released from White Oak Dam (all radionuclides) and in the K, values for
radionuclidesfor which fewer inventory datawere availablefor caibration (*Zr, ®*Nb, 31, and*Ce),
24 HEC-6-R runswere conducted. A lower bound, acentral value, and an upper bound (2.5th, 50th, and
97.5th percentiles) were specified for the rel ease quantity for each radionuclide (Section 5); aHEC-6-R



TASK 4 REPORT
July 1999 Radionuclide Releases from X-10 to the Clinch River -
-24 Estimation of Radionucli ncentrations in Clinch River Wat iment

run was conducted for each of these release values. For ®Nb, ®Zr, and*“Ce, K, values from the low,
intermediate, and high portions of therangesidentified in theliteraturefor each radionuclide were assigned
for thelower bound, best estimate, and upper bound modd runs, respectively, for estimating concentrations
in sediments (see Table 6.6). For !, K ,vauesfrom thelow, intermediate, and high portions of the ranges
identified in theliterature were assigned for the upper bound, best estimate, and lower bound model runs
for estimating concentrations in water. The HEC-6-R model runs are summarized in Table 6.9.

Each modding run took from 8 to 37 hours to complete, depending on the computer systemin use. Runs
were completed in McLaren/Hart-ChemRisk officesin Alameda, Cdifornia, and Cleveland, Ohio, aswell
asindependently at SENES officein Oak Ridgefor qudity assurance purposes. Resultswere compared
and in all cases were essentially identical.

The HEC-6-R model predicted dissolved, suspended, and sediment/soil concentrations of each
radionuclideat thefollowing locations, which are representative of particular portionsor “reaches’ of the
Clinch River:

« AtCRM 205  ..... Near Jones Island

« AtCRM 19.7 ..... Near Jones Island

« AtCRM 192  ..... Just below Jones Island

« AtCRM 140  ..... Near Grassy Creek (just above the mouth of Poplar Creek)
s AtCRM76  ..... Below the mouth of Poplar Creek

« AtCRM35  ..... Near the Kingston Steam Plant

s AtCRM26 ..... Near the town of Kingston

« AtCRMOO ..... At the mouth of the Clinch River

e AtTRM529 ..... On the Tennessee River near Watts Bar Dam

Locationswere selected so asto be spaced at a sufficient number of distances aong the reach of interest
on the Clinch River that changesin estimated concentrationswith increasing distance would be adequately
characterized. Locationswere specified near the point where White Oak Creek entersthe Clinch (near
Jones Idand), near where severa other contributing surface water bodies enter the Clinch (Grassy Creek
and Poplar Creek), near animportant population center (Kingston), areadily recognizable landmark (the
Kingston Steam Plant), and at the mouth of the Clinch River. Modeling was aso performed for alocation
ontheTennessee River near Watts Bar Dam, about 39 miles downstream of the mouth of the Clinch. Of
the nine locations addressed in the modeling, four were selected as reference locations for detailed
calculations of dose and risk as outlined in the sections of this report that follow. These reference
locations correspond to Clinch River Miles 20.5, 14, 3.5, and 0.
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Table6.9  Descriptions of the HEC-6-R model runs.

Run Radionuclide Release Quantity K4 ValuesUsed

No. Value Used
1 BICs Lower Bound “Calibrated” with site-specific inventory estimates.
2 B¥Cs Central Value “Calibrated” with site-specific inventory estimates.
3 B¥Cs Upper Bound “Calibrated” with site-specific inventory estimates.
4 05y Lower Bound “Calibrated” with site-specific inventory estimates.
5 05y Central Value “Calibrated” with site-specific inventory estimates.
6 0gr Upper Bound “Calibrated” with site-specific inventory estimates.
7 ®“Co Lower Bound “Calibrated” with site-specific inventory estimates.
8 ®Co Central Value “Calibrated” with site-specific inventory estimates.
9 ®Co Upper Bound “Calibrated” with site-specific inventory estimates.
10 %Ry Lower Bound “Calibrated” with site-specific inventory estimates.
11 %Ry Central Value “Calibrated” with site-specific inventory estimates.
12 1%6Ru Upper Bound “Calibrated” with site-specific inventory estimates.
13 %7y Lower Bound From lower ends of literature ranges.
14 7y Central Value From middle portions of literature ranges.
15 7y Upper Bound From upper ends of literature ranges.
16 ®Nb Lower Bound From lower ends of literature ranges.
17 ®Nb Central Value From middle portions of literature ranges.
18 *Nb Upper Bound From upper ends of literature ranges.
19 13 Lower Bound From upper ends of literature ranges.
20 13 Central Value From middle portions of literature ranges.
21 13 Upper Bound From lower ends of literature ranges.
22 “Ce Lower Bound From lower ends of literature ranges.
23 “Ce Central Value From middle portions of literature ranges.

24 “ce Upper Bound From upper ends of literature ranges.
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6.11 Resultsof Surface Water and Shoreline Sediment Modeling

Comparisonsof the predicted annua averageradionuclide concentrationsin water at CRM 14 and CRM
3.5 with the available measurements (Table 6.1) at CRM 14.5 and CRM 4.5, respectively, are shownin
Figures 6.2 through 6.5 for 23'Cs, *Sr, 1®Ru, and®Co. Sampleresults of the predicted concentrations
of 23! inwater and of **¥'Cs, *Sr, ®Ru, ©Co, **Ce, *Nb, and**Zr in shoreline sediment are shownin
Figures 6.6 through 6.13 for CRM 14. Thefiguresillustrate the time course of the predicted (or predicted
and measured) annual average concentrations at the specified locations. The model predictionsfor all
radionuclides are tabulated for the four locations of main interest (CRM 20.5, 14, 3.5, and 0) in Appendix
6A. Theuncertainties (95% confidenceintervas) onthe modd predictionsin Figures 6.2 though 6.13 and
in Appendix 6A reflect only the uncertaintiesin the source term (all radionuclides) and the K 4 values (21,
14Ce, ®*Nb, and *Zzr).

6.12 Sourcesof Uncertainty in Modeled Water Concentrations

Discrepanciesinthe measured and model ed concentrations of radionuclidesin water (Figs. 6.2-6.5) may
be attributable to any of several explanations: For example, the model ed and measured concentrations
compared in Figs. 6.2-6.5 are 0.5 or 1 mile gpart in location and therefore may reflect differencesin
localized situations, and the measurementsfor 1957-1959 do not reflect astandard calendar year. Use
of annua sourceterm estimateswith daily flowscould have produced inaccuracies, evenfor time-integrated
endpoints. Inaddition, thefiguresdo not indicate the uncertaintiesin the measured concentrations (Section
6.2), and the uncertainties shown in these figures for the modeled concentrations do not include al known
sources of uncertainty.

Other conditions, such as scouring or flooding events not accounted for by the model in certain years (e.g.,
1977), could also have resulted in deviations between the model ed and measured concentrations. This
source of uncertainty isapplicable primarily to particle reactive contaminants. Unknown or unpredicted
scouring events or floods could have resulted in resuspension of sediment- sorbed radionuclidesinto the
water column, resulting in higher water concentrations. These events would have been reflected in
measurement data. From Table 6.1, it appears that such events probably did occur. For example, the
higher measured concentration of *’Csat CRM 4.5 than at CRM 14.5in 1977 may have been duetoa
scouring event between the two sampling locations (perhaps caused by the flooding that occurred in April
1977). Discrepancies between measured and model ed concentrati ons due to this source of uncertainty
alone could be as much as 25 to 50% for some of the radionuclides.
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Figure 6.2 Comparison of predicted annual average concentrations of **¥'Cs in water with measured annual

average concentrations. Comparisons are shown for predictions at CRM 14 with measurements at
CRM 14.5 (top) and for predictions at CRM 3.5 with measurements at CRM 4.5 (bottom). Solid lines
indicate the central values of the predictions; dashed lines indicate predicted 95% confidence bounds
based only on uncertainty in release estimates. Dark circles indicate the measured values.
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Figure 6.3 Comparison of predicted annual average concentrations of *°Sr in water with measured annual average

concentrations. Comparisons are shown for predictions at CRM 14 with measurements at CRM 14.5
(top) and for predictions at CRM 3.5 with measurements at CRM 4.5 (bottom). Solid linesindicate the
central values of the predictions; dashed lines indicate predicted 95% confidence bounds based only
on uncertainty in release estimates. Dark circlesindicate the measured values.
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Figure 6.4 Comparison of predicted annual average concentrations of *®Ru in water with measured annual

average concentrations. Comparisons are shown for predictions at CRM 14 with measurements at
CRM 14.5 (top) and for predictions at CRM 3.5 with measurements at CRM 4.5 (bottom). Solid lines
indicate the central values of the predictions; dashed lines indicate predicted 95% confidence bounds
based only on uncertainty in release estimates. Dark circles indicate the measured values.
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Figure 6.5 Comparison of predicted annual average concentrations of ®Co in water with measured annual

average concentrations. Comparisons are shown for predictions at CRM 14 with measurements at
CRM 14.5 (top) and for predictions at CRM 3.5 with measurements at CRM 4.5 (bottom). Solid lines
indicate the central values of the predictions; dashed lines indicate predicted 95% confidence bounds
based only on uncertainty in release estimates. Dark circles indicate the measured values.
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Figure 6.6 Example of predicted annual average concentrations of **!1 in water, shown for CRM 14. The solid line
indicates the central values of the predictions; dashed lines indicate predicted 95% confidence bounds
based only on the uncertainty in the release estimates and the K, values.
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Figure 6.7 Example of predicted annual average concentrations of **’Cs in shoreline sediment, shown for CRM

14. The solid line indicates the central values of the predictions; dashed lines indicate predicted 95%
confidence bounds based only on the uncertainty in the release estimates.
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Figure 6.8 Example of predicted annual average concentrations of *Sr in shoreline sediment, shown for CRM 14.
The solid line indicates the central values of the predictions; dashed lines indicate predicted 95%
confidence bounds based only on the uncertainty in the release estimates.
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Figure 6.9 Example of predicted annual average concentrations of ®Ru in shoreline sediment, shown for CRM

14. The solid line indicates the central values of the predictions; dashed lines indicate predicted 95%
confidence bounds based only on the uncertainty in the release estimates.
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Figure 6.10 Example of predicted annual average concentrations of ®Co in shoreline sediment, shown for CRM
14. The solid line indicates the central values of the predictions; dashed lines indicate predicted 95%
confidence bounds based only on the uncertainty in the release estimates.
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Figure6.11 Example of predicted annual average concentrations of ***Ce in shoreline sediment, shown for CRM

14. The solid line indicates the central values of the predictions; dashed lines indicate predicted 95%
confidence bounds based only on the uncertainty in the release estimates and the K, val ues.
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Figure6.12 Example of predicted annual average concentrations of *Nb in shoreline sediment, shown for CRM
14. The solid line indicates the central values of the predictions; dashed lines indicate predicted 95%
confidence bounds based only on the uncertainty in the release estimates and the K ; val ues.
100 pEr— T T T T T [ 7T T T T [ T T T T [ T T T T [ 13
Y ! b g5 b3
AV ; ; Zr in sediment: ]
1 ' - ' ' '
' e e e ]
1 1 ] 1 '
o) 10 g Ny T -
x - . ' ' -
> C ; - ' D3
a i E Z Z .
c i . ; : v
= 1 o Y M . R
g TR s s s 3
- — 1 ] ] ] ] ] -1
c -1 ' ' ' ' ' -
CD -1 ' ' ' ' b
(&) ' ' ' ' '
e L ! ! ! ! -
o : : : : :
o 0.1 EF oottt Pttt TS
E b | =
: : AL : :
001 1 L 1 J L 1 1 L J 1 LN ‘J’Al‘ l’l A 1 1 1 l 1 1 L 1 J L
1950 1960 1970 1980 1990
Figure6.13 Example of predicted annual average concentrations of *Zr in shoreline sediment, shown for CRM 14.

The solid line indicates the central values of the predictions; dashed lines indicate predicted 95%
confidence bounds based only on the uncertainty in the release estimates and the K, val ues.
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An additional explanation for discrepanci es between measured and modeled concentrationsisthe presence
inthe Clinch River of radionuclidesfrom sourcesother than ORNL and White Oak Creek. Radionuclides
from other sourceswould have been included in measurements but would not have been accounted for by
themodd. Three non-ORNL sources of radionuclidesin the Clinch River are known: falout from global
atmospheric testing of nuclear weapons (primarily “Sr and *’Cs); releases of radionuclides (primarily
®Co) from the American Nuclear Corporation, located on a Clinch River tributary about 30 river miles
upstream from White Oak Creek; and contamination from the K-25 or Y -12 Sitestransported via Poplar
Creek. Poplar Creek isnot expected to have contributed any significant amount of the radionuclides
considered in this study.

The contribution of falout isnot aproblem for most years, because the measured concentrations of *'Cs
and *Sr reported at |ocations upstream from White Oak Creek are significantly lower in most yearsthan
those measured at CRM 14.5 and CRM 4.5 for (Tables 6.1 and 6.10). However, Cowser and Snyder
(1966) report that weapons testing fallout contributed about 45% of the *Sr and 20% of the **'Cs found
inthe Clinch River during 1962 and 1963. Thelargest contributionsof fallout occurred after 1960, while
at this same time the releases from White Oak Dam were low compared to the pre-1960 rel eases.

The American Nuclear Corporation (ANC) used ®Co as a radiation source for medical instruments
between 1962 and 1970 (ORNL, 1992; Levineet d., 1994). ANC was located on Braden Branch, a
small stream that entersthe Clinch River at CRM 50.5. Although elevated levels of radioactivity were
detected inthe Clinch in thevicinity of Braden Branch, thissource probably did not contribute significantly
to ®Co levelsin the Clinch River below White Oak Creek (CRM 20.8 to CRM 0).

In general, the model appeared to give more accurate predictionsfor al radionuclidesfor the years prior
to 1963 (1957-1962) than for the years after 1963. A logical explanation for this observation isthat the
model does not completely account for the backflow and scouring of sedimentsthat occurred after Melton
Hill Dam became operational in 1963. However, datafrom 1960-1963 may aso reflect disturbances of
theriver dueto construction of thedam, and datafrom 1957-1959 do not reflect astandard calender year.

Based on current knowledge, an additiona uncertainty factor of 2 was applied to the water concentrations
predicted by the HEC-6-R model. The confidence intervals on the HEC-6-R output reflects only the
uncertainty inthe sourceterm and (for someradionuclides) the K, values. The additiona uncertainty factor
accountsfor discrepanciesin thetime scalesof themodel inputs (yearly releasesand daily flows) and for
the uncertaintiesin modeling localized scouring and deposition events. The uncertainty factor isexpressed
asalog-uniform distribution between 0.5 and 2 (midpoint 1). For yearswhen the uncertainty in the source
term islarge, or when the range of K, valuesislarge, those uncertainties will continue to dominate.
However, the uncertainty factor of 2will increasethe subjective confidenceinterva sfor situationswith low
uncertainties on therel ease estimates and on K , val ues, reflecting the increased importance of other factors
(e.g., localized scouring events) on the uncertainty about the model results.
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Table6.10  Measured annual average radionuclide concentrationsin the Clinch River at or above
Melton Hill Dam (Bq L™).

137C S QOSr 106R u GOC 0
1959* - 0.04 - -
1960 - 0.03 - -
1961 0.02 0.03 0.2 0.01
1962 0.007 0.06 0.3
1963 0.007 0.05 0.3 0.004
1964 0.01 0.04 0.1 -
1965 0.01 0.02 0.09 -
1966 0.01 0.03 0.02 -
1967 0.004 0.01 0.01 -
1968 - 0.01 0.02 0.2
1969 0.03 0.03 0.03 0.1
1970 0.01 0.02 0.01 0.01
1971 0.004 0.02 0.04 0.01
1972 0.004 0.02 0.02 -
1973 0.01 0.02 0.01 -
1974 0.001 0.003 0.004 -
1975 0.0007 0.003 0.003 -
1976 0.0007 0.003 0.005 -
1977 0 0.006 0.004 -
1978 0.009 0.003 0.02 0.003
1979 0.0004 0.0004 0.002 0.0004
1980 0.003 0.004 0.006 0.004
1981 0.003 0.05 0.001 0.008
1982 0.008 0.05 - 0.006
1983 0.003 0.035 - 0.003
1984 <0.01 0.01 - <0.01
1985 0.041 0.029 - <0.01
1986 <0.01 0.02 - <0.01
1987 <0.21 0.44 - <0.19
1988 <0.12 0.13 - <0.56
1989 -0.20 0.063 - 0.11
1990 0.22 0.081 - 0.13
1991 0.085 - - -0.14

& Fourth quarter of 1959
® ot reported

The central values and 95% confidence intervals of the model predictions (by radionuclide and year;
Appendix 6A) were gpproximated by lognormal distributions, based onthe 2.5th and 50th percentiles of
themode predictions. These distributions represent the uncertainty in the sourceterm and Ky values. The
lognormal di stributionsthus expressed were multiplied by the additional uncertainty factor (expressed as
alog-uniform distribution from 0.5to 2) to obtainafinal distribution on the predicted water concentrations.
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The final subjective distributions represent all sources of uncertainty about the predicted water
concentrations. Approximation of the model predictions by lognormal distributions decreased the
caculational complexity of the assessment. However, for afew situations where the model predictions
were asymmetric about the median (primarily the years 1944-1948 for al radionuclides), thisresultsina
dight inflation of the upper bound on the water concentrationsfor thoseyears. Thisisnot expected to have
asignificant effect on the estimates of dose and risk.

As discussed in Section 6.3, modeled water concentrations were used in this analysis only when
measurements were unavailable or inaccurate. These periodsincluded 1957-1959 for all radionuclides
(when measurementswere not reported on acalendar year basis) and yearswhen “less-than” valueswere
reported (Table6.1), aswell asyearsprior to 1957. (The 1957-1959 measurementsare shownin Figures
6.2-6.5, even though they were not used inthe analysis.) Appendix 6B containstablesof the fina water
concentrations that were used in the analysis. For *'Cs, ®Sr, 1%Ru, and ®Co, these are based on
measurementsto the extent possible (Section 6.3) and otherwise on modeled values. Concentrations of
B3 inwater are based entirely on mode! results. The confidencelimitsgivenin Appendix 6B includethe
uncertainty factors described above and in Section 6.3.

6.13 Sourcesof Uncertainty in Modeled Sediment Concentrations

In addition to the sourcesof uncertainty described in Section 6.2 for predicted water concentrations, which
could also affect predicted sediment concentrations, additional uncertainty exists concerning the
concentrations of radionuclides in sediment that a person would be exposed to at any given time due to
varying positionsof thewater level and varying radionuclide concentrationsin the sediments up or down
the shoreline (perpendicular to theriver). Therefore, the modeled concentrationsat al locations, for which
the distributions represent only the uncertainty in the source term and (for some radionuclides) the K4
va ues, weremulltiplied by an additional uncertainty factor (expressed asalog-uniform distribution between
0.33 and 3) to ensure that the true radionuclide concentrationsin shoreline sediments that people might
have actually encountered were properly encompassed. This uncertainty factor accounts for the
uncertaintiesinmodelinglocalized Stuationsand will affect thewidth of theresulting subjective confidence
interva primarily when the uncertaintiesin both source term estimates and K ;, vaues arelow. The centra
values and 95% confidence intervalsof the model predictions (by radionuclide and year; Appendix 6A)
were approximated by lognormal distributions, based on the 2.5th and 50th percentiles of the model
predictions; theselognormal distributions (which represent only theuncertainty inthe sourcetermand K
va ues) were then multiplied by the additional uncertainty factor to obtain thefinal sediment concentrations
that were used in the analysis (Appendix 6C). Thefinal subjective distributions represent all sources of
uncertainty about the predicted sediment concentrations. Approximation of the model predictions by
lognormal distributions decreased the cal culational complexity of the assessment. However, for afew
Stuationswherethemode predictionswereasymmetric about themedian, thisresultsin aninflation (1944-
1948 for all radionuclides) or reduction (1982-1991 for **Ce) of the upper bound on the sediment
concentrations for those years. Sample calculationsindicate that thisinflation or reduction of the upper
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bound on the predicted sediment concentrationswill not have asignificant effect on the estimates of dose
and risk.

Only one set of measured radionuclide concentrationsin shoreline sediment was avail able for comparisons
with the concentrations predicted by HEC-6-R. Between 1991 and 1994, approximately 300 samples
of near-shore surface sediment were collected along the Clinch River and analyzed for **’Cs and*®°Co
(Levineetd., 1994). Samplesbeow the detection limit were set equa to thedetection limitfor caculation
of themean, causing abiastoward higher concentrationsthan actualy exi<t; thisisimportant only for the
%Co concentrations, especialy downstream of the Clinch River. Ingeneral, concentrationsweredightly
higher for the lower Clinch River (CRM 0-12.0) than for the upper Clinch River (CRM 12.1-23.0), but
noticeably lower in the Tennessee River (Watts Bar Reservoir) below the confluence of the Clinch thanin
the Clinch (Table 6.11; the high standard deviations occur because the vaues arelognormaly distributed).
Thedightly higher concentrationsin the lower Clinch River than in the upper Clinch are atributed to greater
deposition of fine particles downstream of the Poplar Creek confluence (Levine et al., 1994).

The predicted mean concentrations of **’Cs and®Co in shoreline sediment in 1991, with the uncertainty
factor described above, were compared with the measurements by location along the Clinch River (Fig.
6.14; the observed mean, minimum, and maximum values areindicated). The graphsindicatethat the
predicted mean concentrations (indicated by a 95% subjective confidenceinterva) are of the same generd
magnitude as the observations for each radionuclide, supporting the general validity of the model
predictions. It should be pointed out that, although the measurements were taken between 1991 and 1994,
the predicted concentrationsin 1991 and the severa preceding yearsarefairly stable, except for the effect
of radioactive decay (most noticeable for ©Co; Appendix 6C). The comparison thereforeisnot an entirely
unreasonableone. It should aso be mentioned that the measured concentrations are primarily but not
entirely for near-shore surface sediment, both above and bel ow the waterline; some sampleswere taken
in the river channel rather than near the shore. 1n addition, the measurements do not represent any
particular depth of the surface sediment, but rather agrab sample of adepth that depended on how soft
the bottom was at that point; some samples may represent the top 30 cm or so of the sediment layer.

The measured sediment data do show adecreasein radionuclide concentration with distance up or down
the bank (perpendicular to theriver). This observation, together with the fact that the water level is
generally lower inthewinter, suggeststhat aperson on the shorelineisexposed to alow concentrationin
the summer, when the water leve ishigh, and ahigher concentration in thewinter, when thewater leve is
low. Although calculationsfor externa exposureto shoreline sediments (Section 10) included aterm for
amount of time exposed during high-water or low-water seasons, the model ed concentrations in sediment
include only yearly averages.
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Table6.11  Summary of measured radionuclide concentrations in shoreline sediment
in 1991-1994 (Levine et al., 1994).

Radionuclide and location Number of Mean (Std. Dev.) Range
samplest Bqg kg Bq kg*
Cs-137
CRM 12.1-23.0 166 (0) 93.5 (184) 2.11-1400
(Melton Hill Dam to Poplar Creek)®
CRM 0-12.0 156 (0) 107 (106) 6.75-807
(Poplar Creek to Tennessee River)
TRM 530-567.5 496 (2) 19.2 (30.6) 0.522-382

(Clinch River to Watts Bar Dam)

Co-60

CRM 12.1-23.0 166 (37) 3.25(2.64) 0.540-19.4
(Melton Hill Dam to Poplar Creek)®

CRM 0-12.0 156 (7) 4.87 (3.62) 0.810-19.1
(Poplar Creek to Tennessee River)

TRM 530-567.5 496 (323) 1.28(1.18) 0.089-10.0

(Clinch River to Watts Bar Dam)

& Number in parentheses is the number of samples below detection limits.
b Approximately 85% of these samples were taken below the mouth of White Oak Creek (between CRM 12.1 and
CRM 20.8).
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Figure 6.14 Comparison of predicted mean concentrations of **'Cs (top) and *°Co (bottom) in Clinch River

shoreline sediments in 1991 with measurements of near-shore surface sediment taken in the Clinch
River between 1991 and 1994. The thick solid line indicates the observed mean value from samples
taken at the indicated locations; the dashed lines represent the minimum and maximum observed
values (except for **’Cs at CRM 6, for which only one measurement was reported). The vertical lines
represent the 95% subjective confidence interval on the predicted mean concentration for the
indicated locations.
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6.14 Summary

The evduation of potentia health risks from past releases of radionuclides from White Oak Creek was
based on estimated annual average concentrations of radionuclidesin Clinch River water and shoreline
sedimentsfrom 1944 to 1991. Environmenta measurements of ¥'Cs*Sr,)® Ru, and® Coin Clinch River
water were used as available for 1960-1990 (Section 6.3); estimates of radionuclide concentrationsin
Clinch River water obtained with the HEC-6-R model were used for theremaining radionuclidesand years
(Section 6.12). Concentrations of radionuclidesin shordine sediments were estimated with the HEC-6-R
modé for all radionuclidesand all years(Section 6.13). The concentrationsof ®Co, *Sr,'®Ru, and**’Cs
used inthe anayds, after al uncertainties and adjustment factors were propagated, are given in Appendix
6B (water) and Appendix 6C (sediment) for the Clinch River locations of interest. Whilein many cases
the modeled and measured val ues were comparabl e, the concentrations based on measurements generaly
reflect ahigher degree of confidence (lower uncertainty) than do the modeled concentrations. It should be
noted, however, that the measurementsinclude radionuclide contamination from al sources; in particular,
measurements of *’Cs and*Sr reflect the contribution from global weaponstesting fallout aswell asfrom
any scouring events that were not accounted for by the model.
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7.0 ASSESSMENT OF RELEVANT EXPOSURE PATHWAYS

Sections 7.1t0 7.7 describe the relevant exposure pathway's as determined from demographic information,
an initid screening analyss, and the risk-based decision criterion established by the Oak Ridge Hedth
Advisory Seering Pand (ORHASP). For thisstudy, thelower Clinch River was divided into five sesgments
or reaches. Clinch River Mile (CRM) 21 to CRM 17 (JonesIdand), CRM 17 to CRM 14 (Grassy Creek),
CRM 14 to CRM 5 (K-25), CRM 5to CRM 2 (Kingston Steam Plant), and CRM 2to CRM 0 (City of
Kingston). Topography and land use for each reach are described, followed by a description of the
potentia exposure pathways for that reach. The target individuas who were potentialy exposed to the
identified pathways and the parameters associated with these pathway's are described in Section 7.8. The
estimated number of individuals exposed viathese pathwaysis described in Section 7.9. A summary of the
main demographic findings for the lower Clinch River areais provided in Section 7.10.

7.1  Identification of Locationsof Interest and Potential Exposur e Pathways

Severd locations have received atention in the determination of the land use dong the Clinch River,

including Jones|dand, Grassy Creek, K - 25, Kingston Steam Plant, and the City of Kingston. Theseareas
of interest arelocated within Roane County and have been and are dtill primarily agricultura and resdentia

areas (USDOE, 1996). A map of the Oak Ridge Reservation (ORR) with locations of interest for the dose
recongtruction for radionuclides from White Oak Creek is presented in Figure 7.1.

The Tennessee Vdley Authority (TVA) purchased dl the shordline dong the south side of the Clinch River
from approximately Mdton Hill Dam to Wetts Bar Dam prior to thefilling of Waits Bar Reservoir, which
occurred in 1942 (TVA, 1987). This TVA land, which was purchased in 1941, is indicated as flood
easement property on Roane County Courthouse records and maps (Brown, 1996). Even though TVA
owned the shoreline, property adjacent to the south bank of the Clinch River was used for farming prior to
1949 (Waler, persond communication with C. Lewis, 1996; Brown, 1996; Prichard, persond
communication with C. Lewis, 1997). Theresdentsof thesefarmsand their farm animalshad accesstothe
river, snce there was no fence separating the TVA land from the private land (Prichard, persond
communication with C. Lewis, 1997).

Theland located on the northern Side of theriver isowned by the Atomic Energy Commission (now known
astheU.S. Department of Energy, USDOE) and TV A from approximately Clinch River Mile (CRM) 34.0
to CRM 10.0 (USGS, 1989; 1990). Fifty-nine thousand acres of land, primarily on the north side of the
Clinch River, was purchased early in 1942 by the Army Corps of Engineers as part of afederd reserve,
where devel opment of the atomic bomb took place (Krause, 1992; Jackson, 1981). About 3000 residents
living on this designated land recelved court orders to vacate, within weeks, the land their families had
owned and farmed for generations (Krause, 1992; Jackson, 1981).
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Severa idands (JonesIdand, Grubb Idand, and Brashear Idand) arelocated in the Clinch River. The Jones
family as part of aland grant origindly obtained Jones Idand (Waller, persona communication with C.
Lewis, 1996). TVA purchased approximately 26 acres of the idand as part of the Watts Bar flow
essement in 1941 (Title Search, 1996). The Jonesfamily owned the remaining property and their heirsuntil
itwassold toindividuasin 1944 (Title Abgtract, 1962). Individua ownersretained possession of theidand
until the Meton Hill Project was initiated in 1963. TVA then purchased the remaining acreage
(approximately 15 acres) on theidand in 1963 (Warranty Deed, 1963).

In theinitid screening andysis (see Section 3), dl possible potentid exposure pathways were examined.
These pathwaysincluded fish ingestion, swvimming (externa exposure and inadvertent consumption of river
water), drinking water, externa exposure from shoreline sediment, and externa exposure from dredged
sediment. Threeagriculturd pathwayswere dso consdered inthe screening analysis: ingestion of produce
or other cropsgrown on land contaminated by irrigation or soil enrichment with dredged sediment; ingestion
of milk from dairy cattle; and ingestion of beef from beef cattle. Both dairy and beef caitle may have been
exposed viairrigation of pasture or cropsor viadrinking water. Based on aconservative screening analysis
(see Section 3), two of the potential exposure pathways were assigned low priority for further study (i.e,
swimming and ingestion of produce contaminated viairrigation).

Demographic information was obtained through persond interviews and telephone interviews with Clinch
River community members living in the area from the early 1900s until the present. This demographic
information was then used to further evauate the likelihood of the potentia exposure pathways. Based on
this information, the potentid exposure pathways considered in this assessment for the area near and
adjacent to the lower Clinch River included fish ingestion, drinking water, ingestion of milk and mest, and
externa exposure from shoreline sediment.

7.2 Jonesldand Area- CRM 21.0to CRM 17.0

The Jones Idand areais consdered to include the idand itsalf and the land adjacent to the banks of the
Clinch River from CRM 21.0to CRM 17.0 (Figure 7.1). The topography in this area conssts of rolling
land with gradua dopes. The primary activities conducted aong this section of theriver during the 1940s
and 1950s were agriculturd.

7.2.1 Description of Land Usein the Jones Idand Area

Jones Idand (dso caled Blue Springs Idand), a amdl land formation located in the Clinch River a
approximately CRM 20.0, is an area of primary concern because of its proximity to the mouth of White
Oak Creek. Thisidand hasbeen used inthe past as beef cattle grazing land, for growing silage crops, and
for archeologicd digs. The idand was used by the Jones family for grazing beef caitle and for producing
slage, primarily corn and hay. The land was in the possession of the Jones family heirsfor gpproximately
45 years, before it was sold to individuals in 1944 (Title Abstract, 1962). From 1944 to 1962, various
individua owners owned theidand (Title Abstract, 1962).
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During thistime period, theid and was covered predominantly in asod of clover and grassmixturesand was
used for hay and pasture (Fidd Appraisd, 1962). A smdl stock barn and a partidly completed
sructure were erected on Jones Idand sometime during this period (Field Appraisa, 1962). The last
individual owner of theidand indicated that tobacco was grown on theidand for aone-year period, but the
crop was not productive (Huber, persona communication with C. DaMassa, 1996). Besf cattlewereaso
grazed on theidand during the spring and summer months. 1n addition, an archeological dig was conducted
on the idand in 1962 as part of the planning process for the Mdton Hill Dam project (Frankenburg,
personal communication with W. Reed, 1996).

Since congtruction of the dam would cause flooding in areas dong theriver in the Jonesdand area, TVA
purchased theidand as part of the Meton Hill Dam project in January, 1963 (Warranty Deed, 1963). The
individua ownershad until December 1963 to remove al possessonsfrom theidand; however, TVA could
use the land for the purpose of digposing dredged sediment any time after the purchase (Contract for
Purchaseand Saleof Land, 1962). Theidand wasaltered by dredging that occurredin 1963 (TVA, 1966)
to improve the river channel for barge traffic. According to a TVA report, a suction dredge was used to
remove 24,100 cubic yards of slt, sand, and grave in the Jones Idand area (TVA, 1966). Once TVA
purchased the land, the land was no longer used for farming activities and was not leased to any individuas
(Robinson, persona communication with C. Lewis, 1996).

Theland aress on both sides of the river were dso atered when TV A began congruction of Melton Hill

Dam (CRM 23.1) in 1963. Theland lying above the dam on the north side of the Clinch River was owned
by the Atomic Energy Commission (AEC) and wasflooded by the Mdton Hill Reservoir (TVA, 1966). The
remaining (AEC) farmland below the dam was of margina vaue; therefore, the AEC abandoned the area
(TVA, 1966). Since the land was abandoned, no farm access roads were constructed, and no additional

farming activities occurred.

The southern bank of the Clinch River in the Jones Idand area was dso affected by the release of

radioactive materia from White Oak Creek after the dam went into operation in 1963. The Jones Idand
area on the south bank of the Clinch River (the areadirectly acrossfrom Jones|dand) was not affected by
releases from White Oak Creek until 1963, because the water was constantly moving downstream, not
pooling and stagnating upstream and at the mouth of the creek. Prior to 1963, the releasesfrom White Oak
Creek remained unmixed until after the water had passed Jones Idand (Morton, 1966). The unmixed
rel easesfrom White Oak Creek traveled primarily dong the northern bank of the river. Complete mixing of
the water did not occur until after it passed Jones|dand, in approximately the Grassy Creek area(Morton,
1966). With the ingtdlation and operation of Meton Hill Dam, the water being released from White Oak
Creek wastraveling upstream (backflowing), rather than downstream, when the dam was not in operation.
When water was released from the dam, the water from White Oak Creek was mixed with the released
water in the vicinity of the dam. The mixed water would then flow past White Oak Creek and aong both
sdes of Jones Idand, thus affecting the southern bank of the Clinch River inthis area.
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The land on the Clinch River lying to the south of the idand was used for farming as early as the 1900s
(Wadller, persona communication with C. Lewis, 1996). After the Civil War, the land found between
gpproximately CRM 21 and CRM 19 was obtained by land grants and was owned by four large families
(Waller, personad communication with C. Lewis, 1996). These families raised cattle and swine primarily,
aong with afew chickens and dairy cattle on each farm (Waller, persona communication with C. Lewis,
1996; Prichard, personal communication with C. Lewis, 1997).

Hereford beef cattle were the most popular breed in the area, with an average herd size of approximately
200 (Wdller, personal communication with C. Lewis, 1996). The Herefords grazed on the pastureland but
were fattened with the grain and hay produced on thefarms. Since the cattle were primarily grazing away
from the barns, water sources consisted of small creeks, ponds, and the Clinch River, if ble.

However, severd of the large land grant farms did not have river frontage, o the Clinch River was not a
viablewater supply for theanimals (Waller, persona communication with C. Lewis, 1996). Thebeef cattle
were raised as a cash crop rather than for family consumption. AFarmers may havereserved for thefamily
less meat and poultry than was wanted because of the high financia return for their sdefl (USDA, 1944).
Once the cattle reached a suitable weight, they were sold at auction (Huber, persond communicationwith
C. DaMassa, 1996; Waller, persona communication with C. Lewis, 1996).

The dairy cattle were primarily Jersey cattle, with each farm having 5 or 6 animds (Wadler, persond

communication with C. Lewis, 1996). The milk obtained in this areadong the Clinch River was used for
family consumption and for making butter and cheese (Wadler, persona communication with C. Lewis,
1996). Any excessmilk or milk productswere sold to the CharlesH. Bacon Dairy in Loudon, Tennessee
(Waller, persona communication with C. Lewis, 1996).

Pork was the primary meat source for the residents aong this section of the river. The swine were
daughtered each fdl, and the meat smoked and maintained in asmokehouse until needed (Waller, persond
communication with C. Lewis, 1996; Wade, persond communication with C. Lewis, 1996). Although
swine were raised along the Clinch River, they did not consume river water. These animals were kept in
penslocated near the barns, whichwere generdly closeto thefamily dwelling. Theswinewere generdly fed
scraps, garden remnants, and milk that was not used by the family. The water that was consumed was
provided by springs, creeks, or streams that ran through or adjacent to the pens (Waller, persona
communication with C. Lewis, 1996; Wade, persond communication with C. Lewis, 1996). If thesewater
sources were not available, well water was provided for these animals (Prichard, personal communication
with C. Lewis, 1997).

In addition, chickens and goats were aso raised aong the Clinch River. The chickens were dlowed to
roam fredy around the farm, but generally remained near the house or barn. The birds preferred these
aress for feeding purposes. grain dropping out of the animal troughs and corn scattered on the ground for
them by the farmers. Also, chickensdo not require large amounts of water (Cole and Ronning, 1974), so
they primarily obtained water from nearby creeks or streams.  Chicken was used as a meat source that
provided variety to the areafarmers diet (Waller, persona communication with C. Lewis, 1996).
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Goats were kept on severa farms in this area for land clearing purposes. These animas were used to
remove unwanted growth from areas needed for agricultural purposes (Waller, personal communication
with C. Lewis, 1996; Wade, persond communication with C. Lewis, 1996). One family in the Kingston
area (outside the city limits and with no river access) raised and milked their goats (Prichard, persona
communication with C. Lewis, 1997). The family used the goat milk and provided it to a few close
neighbors (Prichard, persona communicationwith C. Lewis, 1997). Goat milk wasnot sold commercidly.

Beef cattle were the only animals raised on farms in the lower Clinch River areathat were used for human
consumption and that had river access. Therefore, beef is used as asurrogate for al meat in thisandysis.
Although farmers consumed other types of meat (pork and chicken), the only type considered to be
contaminated by radioactive effluents from the Oak Ridge Reservation to the Clinch River was besf.

Almogt dl food consumed by the familieswas grown on the farm. Each farm had alarge vegetable garden
that contained beans, beets, corn, and variousroot crops (Waller, persond communication with C. Lewis,
1996; Wade, persond communicationwith C. Lewis, 1996). The cash cropscons sted of whest, corn, and
hay. Some of the grain crop and the hay were used as cattle feed. However, the community produced
enough produce and grain to support agenerd store and grissmill. The Waller Family owned the gristmill,
currently known as The Cross- Eyed Cricket. Loca farmers had their wheat and corn ground into flour and
meal, respectively (Lockwood, persona communication with W. Reed, 1996). Theexcessflour and med
were then sold a the Wdler Generd Store to other loca families and tenants (Waller, persond
communication with C. Lewis, 1996). No milk, milk products, or meat wassold in thisgenera storedueto
thelack of refrigeration (Waller, personad communication with C. Lewis, 1996). The tenantswho lived on
the larger farmsin this area a so grew tobacco as a cash crop, in addition to grains.

7.2.2 Potentia Exposure Pathways in the Jones Idand Area

Thepotentia exposure pathways consdered for thisreach of the Clinch River indudefish ingestion, externd
exposure from shordine sediment, externa exposure from dredged sediment, ingestion of meet and milk
from cows, ingestion of produce contaminated via irrigation, and ingestion of produce contaminated via
dredged sediment.

7.2.2.1 Fish Ingestion

Tenants (individua swho helped farmland owned by othersin exchange for food and housing) who lived on
thelarger farmswere the primary consumers of fish aong this section of the Clinch River. Mot of thelarger
landowners preferred pork for medls and did not consume fish on a regular bass (Waller, persond

communication with C. Lewis, 1996; Wade, personal communication with C. Lewis, 1996). Thetenants,
however, used trotlinesto obtain fish from the Clinch River onaregular basis. The children set thelinesand
then retrieved the fish later. Catfish was the most popular fish caught, but other species (for example,
crappie and white bass) were d so caught and consumed (Waller, persona communication with C. Lewis,
1996; Wade, personad communication with C. Lewis, 1996; Prichard, personal communication with C.
Lewis, 1997). Commercid fishing in this areawas not mentioned in any interview and was unlikely dueto
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limited access for boats (Ebert, 1996). Since the consumption of fish was identified as an important
pathway during the screening assessment and tenants living in this area used fish as a mest source, thefish
ingestion pathway is considered in the risk assessment.

7.2.2.2 External Exposure from Shoreline Sediment

Exposure to shordline sediments would occur primarily as aresult of recregtiond activities such as fishing
and walking, since TVA (Title Search, 1996) owned the shoreline property. The shordine is the area of
exposed sediments that result from raising and lowering the water leve in the river. TVA obtained the
shordline property as flood easements before Waits Bar Reservoir was impounded (Title Search, 1996).
Theland areaflooded cons sted of 16,600 acres of bottomland and 14,200 acres of hill land (TVA, 1938).

Since TVA owned the land and a large portion of bottomland had been lost; farming was probably not
conducted adjacent to theriver.

Fshing dong the south bank of the Clinch River was popular for children, but adolescents and adults were
needed to work on thefarm the mgority of thetime (Waller, personad communication with C. Lewis, 1996;
Wade, personal communication with C. Lewis, 1996; Prichard, persona communication with C. Lewis,
1997). The tenants and their children also fished dong the shordine. Swimming was another popular
recregtiona activity for the children, but thiswas primarily donein the creeks emptying into the Clinch River
and not in the river itsdf (Waller, persond communication with C. Lewis, 1996; Wade, persond
communication with C. Lewis, 1996). Fishingand swimming at Jones|dand did not appear to be common
practices, sncetheidand was access ble only by boat or ferry, and children werethe primary participantsin
fishing and swimming (Huber, persond communication with C. DaMassa, 1996; Waler, persond
communication with C. Lewis, 1996). Theferry that went from the south bank of theriver to Jonesldand
was often sunk during storms (Huber, persond communication with C. DaMassa, 1996).

Although children were occasondly found svimming in the JonesIdand area, theriver wasnot the primary
body of water in which swvimming occurred, and this pathway was not identified as Sgnificant in the
screening andysis, therefore, the swimming pathway was not considered in the risk assessment. However,
exposure to shoreline sediments was a possibility on the south sde of the Clinch River in the Jonesidand
area due to tenants fishing and children playing near the water-sedge. Sincethereisevidence of exposure
to shordine sediments, this pathway is included in the risk assessment for the years following 1963 (see
Section 7.2.1 for details).

7.2.2.3 External exposure from dredged sediment

Externd exposure from dredged sediment appears to be limited to those workers who disposed of the
sediment. TVA purchased Jonesldand from the last individua owner in January 1963. The dredging did
not begin until October 1963; therefore, the possibility of private individuas being exposed to dredged
gpoils was greetly reduced, even though the last owner of the idand was permitted to use the idand until
December 1963. Grubb Idand was aso used for the disposal of dredged materid. However, thisidand
was not used agriculturaly before or after dredging. This pathway will not be consdered further in the
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exposure assessment because the likelihood of individuas other than workers being exposed to dredged
spailsislow.

7.2.2.4 Ingestion of Meat and Milk

Theonly cattleraised on Jones|dand were beef cattle (Huber, persona communication with C. DaMassa,
1996; Waller, persona communication with C. Lewis, 1996). The cattle grazed on pastures|ocated onthe
idand and drank from the river. The cattle also gppear to have been fed grain (corn) and hay that were
grown on the idand (Huber, persond communication with C. DaMassa, 1996; Wadler, persond
communication with C. Lewis, 1996). No other animals were raised on the idand (Waller, persond

communication with C. Lewis, 1996).

The silage cropsthat were grown on theidand were not irrigated with river water; rain was the only means
of watering these crops (Waller, persona communication with C. Lewis, 1996). Theland ontheidandwas
very fertile (sandy loam) and did not require additiond fertilizer or topsoil (Huber, personad communication
with C. DaMassa, 1996; Frankenburg, persona communication with W. Reed, 1996). Therefore, theonly
route of exposure resulted from the beef cattle drinking river water.

Hay was aso grown dong the south side of the river and was used as cattle feed. The land used for
producing hay wasnat irrigated with river water (Waller, persona communicationwith C. Lewis, 1996). In
addition, the soil used for crops was not enriched with river bottom sediments, including dredged spoils
(Waller, Wade- personad communications with C. Lewis, 1996).

The beef cattle raised on the south Sde of the Clinch River dso grazed on land near theriver. Since severa
of the farmsin this area bordered the river, the cattle had access to the river as a source of drinking water
because fenceswere not erected to keep the cattle from theriver, and no other boundaries existed between
the river and private farmland (Waller, personal communication with C. Lewis, 1996). In addition, beef
cattlerequireminimal upkeep and generaly graze unattended. Even though river water was availableto the
beef cattle, these animals also had access to creeks, ponds, and springs (Waller, persona communicetion
with C. Lewis, 1996). Dairy cattle, pigs, and chickens were also raised on the south side of the Clinch.
However, these animas were usualy maintained in fenced pastures and pens close to the family dwelings
for easein feeding, milking, and gathering eggs. These animaswerefed grain and hay that were grownon
the farm (Waller, persona communication with C. Lewis, 1996; Wade, personal communication with C.
Lewis, 1996). Since the homes were not built on the river banks, these animals obtained water primarily
from springs, creeks, and ponds located near the barn or from the family-s well (Waler, persond
communication with C. Lewis, 1996, Wade, personad communication with C. Lewis, 1996).

In someinstances, both dairy and beef cattle were provided water from thefamily-swell or cistern (Wade,
persond communication with C. Lewis, 1996). Even though the likelihood of dairy cattle obtaining river
accessislow, thedrinking water exposure pathway will be consdered in therisk assessment. The pathway
is consdered because these cattle were capable of escaping the fenced pasturesto obtain water fromthe
river. Thedrinking water pathway for beef cattle must be included due to the high probability thet these
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cattle used the river as a source of drinking water. This exposure pathway will be considered for the years
fallowing 1963 when Meton Hill Dam changed the water mixing patterns of the Clinch River (see Section
7.2.1 for details).

7.2.2.5 Ingestion of Produce Contaminated via Irrigation

The crops grown on Jones Idand were used exclusvely by the animals (Huber, personal communicaion
with C. DaMassa, 1996; Waller, persona communication with C. Lewis, 1996). The slage crops that
were grown on the idand were not irrigated with river water; rain was the only means of watering these
crops (Waller, persona communication with C. Lewis, 1996).

Homesin the Jones Idand areawere not built on theriver banks dueto early flooding (prior to NorrisDam
congtruction) and because TVA owned dl the shordline on the south side of the river (USGS, 1941g;

1953a). In addition, severa of the land grant farms did not have river frontage (Courthouse Retrieva

Sygems, Inc., 1996). Thefarmsin thisareawere used primarily for raising beef cattle and growing slage
crops (Waller, persona communication with C. Lewis, 1996; Wade, persord communication with C.
Lewis, 1996). Sincethefarmersin thisareawere cattlemen, the homeswere not located on theriver, and
the crops were used only for Slage, irrigation was not necessary aong this stretch of theriver. Therefore,
the ingestion of produce contaminated via irrigation is not a relevant exposure pathway for radioactive
substances released to the Clinch River.

7.2.2.6 Ingestion of Produce Contaminated via Dredged Sediment

Thereisno indication that produce for human consumptionwas grown on Jones Idand at any time. There
has dso been no indication that vegetable gardens were placed adjacent to the river. This may be
attributableto TV A=sownership of the entirelength of the shordine and to the fact that no homeswere built
ontheriver. Vegetable gardenswere generaly planted closeto the housefor easein obtaining thecrop. In
addition, farmersdid not dredge theriver bottom to enrich their soil in thisareaof theriver (Waller, persond

communication with C. Lewis, 1996). Therefore, the possbility of ingestion of produce grown on

contaminated soil issmall. Because no evidence has been obtained to support the use of dredged spoilsfor
soil enrichment in this areg, the ingestion of produce contaminated via dredged sdiment cannot be
consdered ardevant exposure pathway for individua sinhabiting the JonesIdand area of the Clinch River.

7.3  Grassy Creek Area- CRM 17.0to CRM 14.0

The mouth of Grassy Creek islocated on the north bank of theriver at CRM 14.5, but the Grassy Creek
areais consdered to include the land adjacent to the banks of the Clinch River from CRM 17.0to CRM

14.0 (Figure 7.1). Theland areasinthevicinity of thiscreek have smilar topographic festures. Thelandis
steeper on the south bank of the Clinch River inthisareathan in the Jones1dand area, and fewer structures
appear to have been built in this area (USGS, 1941b; 1953Db).



TASK 4 REPORT
Radionuclide Releases from X-10 to the Clinch River - July 1999
Assessment of Relevant Exposure Pathways Page 7-11

7.3.1 Description of Land Usein the Grassy Creek Area

Grassy Creek islocated on the north side of the Clinch River upstream from Bear Creek Road. Thisareais
TVA land and isbordered on the northern sde by U.S. Department of Energy (USDOE) property (Brown,
1996). Since this area is surrounded by government-owned property, access to this area is limited to
government personnd. Therefore, the only way for the public to gain accessto thisareais by boat. The
land lying dong the south side of the Clinch River in this areawas used for farming prior to 1949 (Brown,
1996). According to census information, there were 1,806 farms averaging 86.2 acres each in Roane
County in 1954; by 1959 this number had shrunk to 992 farms averaging 96.0 acres each (TVA, 1963).
However, TVA owned dl the shoreline aong this side of the river, so river accessibility may have been
limited.

7.3.2 Potentid Exposure Pathways in the Grassy Creek Area

Thepotentia exposure pathways consdered for thisreach of the Clinch River indudefish ingestion, externd
exposure from shoreline sediment, ingestion of mest and milk from cows, ingestion of produce contaminated
viairrigation, and ingestion of produce contaminated via dredged sediment.

7.3.2.1 Fish Ingestion

TVA owned the north side of the Clinch River in the Grassy Creek area. This property wasthe proposed
gtefor the Clinch River Breeder Reactor and was adjacent to DOE property, so accessto thisareawas
limited to government personnel. The shoreline was dso owned by TVA, so fishing from the banks was
prohibited.

Recreationd fishing by boat could have occurred inthisarea. The shoreline on both sides of theriver was
owned by TVA, and there were very few structures in the area between CRM 17.0 and CRM 14.0
(USGS, 1941b; 1953b). The mgority of the structures built in this reach of the river were located on the
south side of the Clinch River in Bear Creek Valey, which lies between Pine and Chestnut Ridges, and
Poplar Springs Valey, which liesbetween Chestnut and Dug Ridges (USGS, 1953b). Recreationd fishing
could have occurred in this area by boat or from the shore. Fishing in this area was done primarily by
tenants using trotlines and Atangle lines) (Prichard, personal communication with C. Lewis, 1997). These
tenants used the fish as a source of protein for their families (Prichard, persona communication with C.
Lewis, 1997). Land-owning farmersin this area had little time for recreationa activities due to the time
demands required for farming (Prichard, persond communication with C. Lewis, 1997). Since fishing
occurred inthisarea, residents could have been exposed to contaminants rel eased from White Oak Creek.
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7.3.2.2 External Exposure from Shoreline Sediment

The greatest amount of externd exposure from shoreline sediments occurs when the water leve is low.
Since access to the north side of the river in the Grassy Creek areawas limited to government personnel
and those traveling by boat, the probability of private individuas waking or svimming in this areais low.

The south side of the Clinch River has areas with very steep topography between CRM 17.0 and CRM
14.0, the areas adjacent to the Clinch River on Dug and Chestnut Ridges (USGS, 1941b; 1953b). The
steep topography combined with thelimited number of dwellingsin thisareaindicatesthat the probability of
recregtiond activities, such as shordine walking or svimming, adong this dretch of the river is low.
However, snce tenants living on farms on the south side of the river conducted fishing, exposure from
shoreline sediments will be consdered further for this area of the Clinch River.

7.3.2.3 Ingestion of Meat and Milk

The beef cattle raised on the south sde of the Clinch River grazed on land near the river, but information
obtained from the Roane County Courthouse records (Brown, 1996) and two sets of USGS maps (USGS,

1941b; 1953b), indicate that the number of farming tracts (plots of land designated asagricultural or asa
farm on land title documents--deed, contract for sale or purchase of land, etc.) adjacent to the Clinch River
and the number of dwdllingsin thisareawas smal, possibly dueto the topography. Even though few farms
in this area had accessto theriver, thelikelihood of the cattle using theriver asasource of drinking weter is
high for this limited number of farms because no fences were erected between TVA flood easement

property and private land. Hay was grown dong this area of theriver and was used as cattlefeed. Dairy
cattlewere aso raised in this section of Roane County. Thedairy farmsin thisareaaveraged approximately

60 head of cattle, primarily Jerseys (Prichard, persona communication with C. Lewis, 1997). The céttle
were kept near the barn for milking purposes; therefore, their access to the river would have been limited,
but not completely restricted. Drinking water for these animals was a nearby stream, creek, pond, or

Spring, but if pasture was access ble aong theriver, river water was consumed. Thisexposure pathway will

receive further consderation because dairy farms had river access in this area (Prichard, persond

communication with C. Lewis, 1997). The drinking weater pathway for beef cattle must also be included
due to the high probability that these cattle dso had river access.

7.3.2.4 Ingestion of Produce Contaminated via Irrigation

Farming was not conducted on the northern banks of the Clinch River because the property was
government-owned (USDOE and TVA; USGS, 1941b; 1953b). The shoreline on the southern bank was
aso government owned (TVA; USGS, 1941b; 1953a). The land in this area was aso steeper than the
gently doping lands found near Jones Idand (USGS, 1941a; 1941b; 1953a; 1953b).
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However, farming activities occurred on the land adjacent to the TVA property on the southern banks of
the Clinch River (Prichard, persona communication with C. Lewis, 1997). Vegetable gardenswereraised
near the families homes, which were located primarily in Bear Creek Valey and Poplar Springs Valey
(Prichard, personal communication with C. Lewis, 1997). Both of these valeys have limited riverfront
property (USGS, 1941b; 1953b). Because the land topography was steep and the amount of river
frontage available to the farming families was limited, irrigation was not practiced in this area (Prichard,
persona communication with C. Lewis, 1997). Since no evidence has been obtained to indicate the use of
irrigation of produce in this area, the ingestion of produce contaminated via irrigation is not a relevant
pathway for further congderetion in this andyss of potentid human exposure from past releases of
radioactive materids into the Clinch River.

7.3.2.5 Ingestion of Produce Contaminated via Dredged Sediment

Farming activities occurred in this reach of the river, but vegetables were not grown adjacent to the river
(Prichard, personal communicationwith C. Lewis, 1997). Thismay be atributableto TV Azsownership of
the entire shoreling, to the steep topography, and to the fact that no homes were built on the river.
Vegetable gardensare generdly planted closeto the housefor easein obtaining the crop, but the number of
houses gppears to have been limited in this area (USGS, 1941b; 1953b). The mgority of the structures
were built on the south side of the Clinch River in Bear Creek Vdley and Poplar Springs Valey, both of
which have limited riverfront property (USGS, 1941b; 1953b). In addition, farmers did not dredge the
river bottom to enrich the soil (Waller, persond communication with C. Lewis, 1996; Prichard, persond
communication with C. Lewis, 1997). Therefore, the likelihood of ingestion of produce grown on
contaminated soil in the Grassy Creek areaissmall. Because no evidence has been obtained to indicate the
enrichment of soils with dredged spoils in this area, the ingestion of produce contaminated via dredged
sediment is not consdered rdevant for further andysis.

74 K-25Area-CRM 14.0to CRM 5.0

The K-25 water intake, the location of primary interest in this segment of theriver, islocated on the north
bank of the Clinch River at CRM 14.4, but the K-25 areaincludes the land adjacent to the banks of the
Clinch River from CRM 14.0 to CRM 5.0 (Figure7.1). Theland areasfurther down river from thewater
intake have smilar topographic festures. Theland is steeper on the banks of the Clinch River inthisarea,
especialy between CRM 8.0 and CRM 5.0, and few structures appear to have been built on ether sde of
theriver inthisarea(USGS, 1941b; 1953h). Themgority of structures built onthenorth side of the Clinch
River were located in Sugar Grove Valey, which is separated from the Clinch River by Black Oak Ridge
(USGS, 1953b). On the south side of theriver, the structures were concentrated around the communities
of Union and Lawnville, both of which are located &t the base of Pine Ridge and Lawnville Road, which
connects these two communities (USGS, 1953b; 1968).
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7.4.1 Description of the Land Useinthe K-25 Area

Congtruction of the K-25 gte, formerly known asthe Oak Ridge Gaseous Diffuson Plant (ORGDP), was
initiated in 1943 (ORNL, 1995). The mission of the facility was the enrichment of uranium viathe gaseous
diffuson process, which involved the movement of gaseous uranium hexafluoride across porous barriers
(ORNL, 1995). The gaseous diffusion process at K-25 was operated until 1985, when the facility was
placed on Aready standby,( and was halted entirely in 1987 (ORNL, 1995).

7.4.2 Potentid Exposure Pathwaysin the K-25 Area

The potentia exposure pathways considered for this reach of the Clinch River include drinking water, fish
ingestion, externa exposure from shordine sediment, ingestion of mesat and milk from cows, ingestion of
produce contaminated viairrigation, and ingestion of produce contaminated via dredged sediment.

7.4.2.1 Drinking Water

Thewater intakefor the ORGDP or K -25 steislocated at CRM 14.4. A filtration sationisasolocatedin
thisarea, dong with awater storage tank (USGS, 1953b). Thesethree facilities together provide potable
water for the indudtrid plant (Morton, 1963). The filters originaly used in the filter station (Building K-
1515) were sand, but these were changed in the 1970s to a combination of anthracite coal, sand, and
granite (Bowman, persona communicationwith C. Lewis, 1997). Thewater Soragetank isnot located on
theriver, but is used to store the water for 2 1/2to 3 daysprior to use at the K - 25 site (Bowman, persona
communication with C. Lewis, 1997). K-25 is not the only location that uses this water source. Bear
Creek Industrid Park dso utilizes the K -25 water intake as a source of potable water (Bowman, persond
communication with C. Lewis, 1997). Thiscomplex was built in the 1980s and has one company located
within its boundaries, Scientific Ecology Group (SEG; Bowman, personal communication with C. Lewis,
1997). Building 9714, located 9 miles west of the Y-12 facility, aso uses the K-25 water intake as a
source of potablewater (Bowman, persona communication with C. Lewis, 1997). Building 9714 servesas
the garage for the Trangportation and Safeguards Divison (TSD; Joyce, persond communication with C.
Lewis, 1998). Even though no information has been found to indicate that the K - 25 water supply system
was used by individuds living outsde the Oak Ridge Reservation boundaries and the water was filtered
prior to consumption, the water was consumed by individuasworking a or visiting the K - 25 site, Building
9714, or the Bear Creek Indudtrid Park; therefore, the drinking water pathway is relevant for further
consderation in dose and risk estimates.

7.4.2.2 Fish Ingestion

TheK-25facility islocated on the north side of the Clinch River north of the Oak Ridge Turnpike (Highway
58). Sincethisareaisgovernment-owned property, accessto thisareaislimited to government personnel.
Therefore, the only way for the public to gain accessto thisareais by boat. Fishing in thisareais most
likely a recrestiond practice as opposed to fishing for the purpose of providing the family with a mgor
dietary source of protein.
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The shordline on the south bank of theriver was owned by TV A, and the adjacent property was owned by
U.S. DOE between CRM 14.0 and CRM 10.0 (Quitclaim Deed, 1987). In addition, there werevery few
sructures in this area between CRM 14.0 and CRM 5.0 (see Section 7.4 for details, USGS, 1941b;
1953b). Therefore, fishing from the banks may not have been extensve in this area. Recregtiond fishing
could have occurred in this area by boat or from the shore, but use of trotlinesin this area has not been
confirmed. Since fishing could have resulted in the exposure of residentsto releases of radionuclidesfrom
White Oak Creek, the fish ingestion pathway will be included as a relevant exposure pathway for this
section of the Clinch River.

7.4.2.3 External Exposure from Shoreline Sediment

The greatest amount of external exposure to sediment occurswhen thewater level islow. Since accessto
the north and the south banks of the Clinch River waslimited to government personnd and between CRM
14.0 and CRM 10.0to thosetraveling by boat, the probability of privateindividudswakingor svimmingin
this area is decreased subgtantialy (intruders excluded). Between CRM 10.0 and CRM 5.0, the land
topography is steep (USGS, 1941b; 1953b). In addition, very few structureswere built outside the Sugar
Grove Vdley on the north side of theriver or away from Lawnville Road on the south side of the Clinch
River (USGS, 1941b; 1953b; Prichard, persond communication with C. Lewis, 1997). Since the
topography is steep, the number of dwellingswas limited, and accessto the river waslimited to afew trails
and light duty roads between CRM 10.0 and CRM 5.0 (USGS, 1941b; 1953D), recrestiond activitiessuch
as shordine waking and swimming dong this section of the river were limited. Because this section of
shordline was government-owned, the topography was steep, and very few people lived in this ares, the
externa exposure to shoreline sediments will not be considered further in the determination of exposure.

7.4.2.4 Ingestion of Meat and Milk

The beef cattle raised dong the Clinch River between CRM 10.0 and CRM 5.0 grazed dong the hillsides
near the river (Prichard, persona communication with C. Lewis, 1997). Thelikdihood that these grazing
beef cattle used the Clinch River as a source of drinking water in this areais high because no fenceswere
erected to keep animasaway fromtheriver. Cettle grazing on thewestern tip of Black Oak Ridge, which
is located on the north side of the river, may aso have had access to the Emory River (USGS, 1941b;

1953b; 1968). Dairy caitle raised in this area were kept close to the barn or family dwelling for milking
purposes, therefore, their accessto theriver waslimited. Drinking water for the dairy cattle was anearby
stream, pond, or spring. Even though thedairy cattle were maintained closeto the family dwelling and their
likelihood of obtaining river water is limited, this exposure pathway will receive further consideration

because these animal swere not ways contained in abarn or pasture. The drinking water pathway for besf
cattle must be considered due to the high probability that these cattle had river access (Prichard, persond

communication with C. Lewis, 1997).
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7.4.2.5 Ingestion of Produce Contaminated via Irrigation

Farming activities occurred in this reach of theriver, but cropswere not grown adjacent to theriver dueto
the topography and thelocation of the dwellings, which were concentrated in Sugar Grove Valey and dong
Lawnville Road (USGS, 1941b; 1953b; Prichard, persond communication with C. Lewis, 1997).
V egetable gardenswere generaly planted near the housefor easein obtaining the crop (Prichard, persona
communication with C. Lewis, 1997). Irrigation was not used due to the location of the dwellings with
respect to the river and the topography of the area (Prichard, persona communication with C. Lewis,
1997). Sncefamersinthisareadid not irrigate, theingestion of produce contaminated viairrigationisnot
included as arelevant exposure pathway for this stretch of theriver.

7.4.2.6 Ingestion of Produce Contaminated via Dredged Sediment

Farms between CRM 14.0 and CRM 10.0 had no shoreline access because this property was owned by
the Atomic Energy Agency (Quitclaim Deed, 1987). Shoreline property between CRM 10.0 and CRM
5.0 was difficult to access due to the limited number of roads to the river and the topography in this area.
Becausethe areawas difficult to access and heavy equipment was required to move large amounts of earth
to the acreage designated for gardens, farmers did not dredge the river bottom to enrich their soil (Zirkle,
persond communicationwith C. Lewis, 1996). Since garden plotswerenot enriched with river bottom soil,
ingestion of produce contaminated viadredged sediment isnot considered arelevant exposure pathway for
thisarea

75 Kingston Steam Plant Area- CRM 5.0to CRM 2.0

The Kingston Steam Plant is located on the north bank of the river ¢ CRM 2.6, but the Kingston Steam
Plant area is considered to include the land adjacent to the banks of the Clinch River from CRM 5.0 to
CRM 2.0 (Figure7.1). Theland areasbordering theriver inthevicinity of thisfacility are easily accessble
to the public and serve as popular recregtiona aress.

7.5.1 Description of Land Usein the Kingston Steam Plant Area

The area located on the peninsula formed by the Clinch and Emory Rivers (see Figure 7.1) was the Site
chosen by the TVA for congruction of the Kingston Steam Plant (TVA, 1965). Crigindly four Sitesin
Tennessee--Kingston, Louisville, Concord, and Lenoir City--were considered (TVA, 1965). The steam
plant, located on Watts Bar Lake gpproximately two miles north of Kingston, Tennessee, wasbuilt between
April 1951, when the origina unit wasingaled, and December 1955, when thefinal unit wentinto operaion
(TVA, 1965). Theingallation covers approximately 800 acres and was constructed to provide €l ectricity
for Oak Ridge during production of Aatomic defense materiad (TVA, 1965). Until 1963, the Kingston
Steam Plant was the worl d:=slargest steam plant, with ageneration capacity of 1,600,000 kW of electricity
(TVA, 1965). Currently, the plant supplies dectricity to homes and industriesin East Tennessee (TVA,
1965).
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7.5.2 Potentia Exposure Pathways in the Kingston Steam Plant Area

The potentia exposure pathways considered for this reach of the Clinch River include drinking water, fish
ingestion, externd exposure from shoreline sedimert, ingestion of meat and milk from cows, ingestion of
produce contaminated viairrigation, and ingestion of produce contaminated via dredged sediment.

7.5.2.1 Drinking Water

The Kingston municipa water supply was used by resdentsliving within the city limits, but wellswere used
primarily by those individuds living outsde the city (Zirkle, persond communication with C. Lewis, 1996;
Mickey, persona communication with C. Lewis, 1996; Adkins, persona communication with C. Lewis,
1997). Theresdentsliving near the steam plant obtained water from cisterns and wells (Adkins, persond
communication with C. Lewis, 1997). The Kingston Steam Plant obtained water suppliesfrom the Clinch
River at gpproximately CRM 3.0 for sanitary and industria purposes, in addition to potablewater (Morton,
1963).

The water treatment facility at the Kingston Steam Plant was built to supply the entire steam plant with

domestic water and to soften the water for the boiler (TVA, 1965). The primary trestment of water was
prechlorination (controls dgae and disnfects water), chemica dosage (addition of duminum sulfate,

hydrated lime, and activated carbon), floccul ation (mixing to settle out the particles), sedimentation (occurs
when water passes through wooden baffles), andfiltration (consasts of filter mediaand porousplates) (TVA,
1965). Once the water goes through these initid phases, domestic water and boiler feedwater are
separated.  The domestic water is chlorinated, stabilized, and moved to storage tanks located in the
powerhouse (TVA, 1965). Once the water reaches the storage tanks, it is ready for domestic use
throughout the facility.

In December 1989, the Kingston Steam Plant began purchasing potable water from Midtown Utilities,
which obtainsits water from Rockwood Utilities (Sexton, persona communication with C. Lewis, 1997).
Thewater supply for Rockwood Utilitiesis obtained from Rockwood Creek, atributary to the Tennessee
River (Ingram, persona communication with C. Lewis, 1997). Since Clinch River water was used asa
source of drinking water for humans working at the steam plant, the drinking water pathway is considered
for thislocation.

7.5.2.2 Fish Ingestion

Fishing dong the Clinch River arm of the Waits Bar Reservoir has been a popular recreationd activity, as
well as a source of income for commercid fishermen (Stokes, persond communication with C. Lewis,
1996). However, the number of commercid fishermenisvery smal (gpproximately sevenin five counties,
Ebert, 1996). The area of the Clinch River near the Kingston Steam Plant is apopular location for winter
recregtiond fishing because the warmer water attracts striped bass and catfish (Napier, persond
communication with C. DaMassa, 1995). Fishing occurred in this area on the banks and from boats
(Adkins, persona communication with C. Lewis, 1997). This section of the Clinch River (backwaters of
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Watts Bar Reservoir) was accessibleto the public (Ebert, 1996), so angler activity inthisareais expected
to be larger than further up the Clinch River (eg., JonesIdand). Since the Kingston Steam Plant was a
popular location and easily accessible by land and by boat, the fishing pathway isincluded in the assessment
of exposure, dose, and hedlth risk for thisarea.

7.5.2.3 External Exposure from Shoreline Sediment

Fishing appears to be the most popular recregtiond activity in the vicinity of the steam plant (Adkins,
persond communication with C. Lewis, 1997). However, walking and swimming could have aso occurred
inthislocation. Sincethe Kingston Steam Plant areawas a popular location and easly accessble by land,
the potentid exposure from shoreline sediments is included as a rlevant exposure pathway for further
consideration in the dose reconstruction and assessment of risk.

7.5.2.4 Ingestion of Meat and Milk

Houseswerelocated along both sides of the banks of the Clinch River inthisarea (USGS, 1941b; 1941c;
1953b). Prior totheimpoundment of Watts Bar Reservoir, homeswere built below the 741-foot devetion
to access the river bottomland, which was the most fertile soil available (Zirkle, personad communication
with C. Lewis, 1997). Once the reservoir wasimpounded, the land located bel ow the 741 foot elevation
level wasflooded (USGS, 1941b; 1941¢). Thefamiliesintheaffected areawereforced to re ocate upland,
where farming activities continued. Dairy and beef cattle were raised in this area (Stokes, persona
communication with C. Lewis, 1996; Adkins, personal communication with C. Lewis, 1997; Prichard,
persona communicationwith C. Lewis, 1997). Since severd homesremained near theriver, even after the
impoundment of Watts Bar Reservoir, accessibility of theriver for both typesof cattleishigh. However, the
cattle on the northern bank of the river had access not only to the Clinch River, but dso to the Emory River
and to Swan Pond, which is located on the western bank of the Emory River (USGS, 1941b). Since
accesshility to the river was high for both types of cattle, the ingestion of beef and nilk from cows is
consdered in the hedlth risk assessment.

7.5.2.5 Ingestion of Produce Contaminated Via Dredged Sediment

Prior to the filling of Watts Bar Reservoir, irrigation was not necessary because the soil was very fertile
bottomland (Zirkle, persond communication with C. Lewis, 1996). When bottomland was dill available,
approximately 1915-1940, corn wasthe primary crop grown inthisarea (Zirkle, personal communication
with C. Lewis, 1996). However, when the reservoir flooded the bottomland, farmersresiding below the
741-foot devation level were relocated or forced to move upland to less fertile soil. However, farmers
continued to raise vegetable gardens and to grow forage crops for their animas near the Kingston Steam
Plant (Sparks, personad communication with C. Lewis, 1997; Prichard, persond communication with C.
Lewis, 1997). The crops grown in this area included lettuce, green beans, cucumbers, tomatoes, and
onions (Lowe, persond communication with C. Lewis, 1997). Fruits and berriesweredso growninthis
area(Lowe, persona communication with C. Lewis, 1997). Cropsthat becamethefocusof farmersinthis
areawere peaches, dfalfahay, and soybean hay, because these crops could prosper on nutrient-deficient
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soil (Zirkle, persona communication with C. Lewis, 1996). Despitetheland-sinfertility, no soil enrichment
in garden plots was done since thiswould have required heavy equipment to move the earth from theriver
banksto the higher eevations (Zirkle, persond communication with C. Lewis, 1996). Since soil enrichment
with dredged sediment was not necessary for producing cropsin thisareaand sincethereisno evidence of
the use of dredged sediment in agricultura or garden plots, this pathway is not consdered further.

7.6  City of Kingston Area- CRM 2.0to CRM 0.0

The City of Kingston is located between CRM 1.0 and CRM 0.0, but the City of Kingston area is
considered to include the land adjacent to the banks of the Clinch River from CRM 2.0 to CRM 0.0
(Figure 7.1). Sections of the city are dso adjacent to the Tennessee River, where water recreetionisalso

popular.

7.6.1 Desription of Land Usein the City of Kingston Area

The City of Kingston was established in 1799 as aresult of a growing population around Fort Southwest
Point (Carow, 1996). Thefort served asan Army garrison between 1792 and 1807 and was surrounded
by severa trading posts, which helped to increase the popul ation of Kingston (Carow, 1996). Kingstonis
located in Roane County, between Interstate 40 and Watts Bar Lake. The city served as the Tennessee
state capita for one day on September 21, 1807, when the Tennessee House of Representatives convened
(Carow, 1996).

7.6.2 Potentia Exposure Pathways for the City of Kingston Area